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ABSTRACT 
Plant genomes have allowed the expansion of many types of mobile genetic elements. 
LTR retrotransposons are a subclass of mobile genetic elements that replicate using an RNA 
intermediate. The (Tyl/copza) are a family of LTR retrotransposons, and the 
Sireviruses are one of three genera in the PjewdoWnV&zg. The name 'Sireviruses' comes from 
the founding member from soybean) and the fact that retrotransposons, although not 
known to be infectious, have many traits in common with viruses. 
Besides being phylogenetically distinct, the Sireviruses have features that set them 
apart from other LTR retrotransposons. Sireviruses show great variability in genomic 
structure and in the translation^ strategies they use to express their encoded proteins. For 
example, we have shown that the &ARE7 elements of soybean use stop codon suppression to 
express their Env-like protein. Secondly, some monocot members of the Sireviruses may use 
a bypass mechanism to translate Pol. 
Another notable feature of the Sireviruses is that most carry additional coding 
information in the form of an open reading frame (ORF) referred to as an env-like ORF, and 
all have encoded extra coding information in their gag gene. The presence of an env-like 
ORF has caused speculation that these elements are plant retroviruses, although no 
experimental evidence has confirmed this idea. However, using a yeast two-hybrid screen, 
we discovered an interaction between multiple Sire virus Gags and a family of related host 
cell proteins referred to as dynein light chain LC8 and LC6. The LC8 and LC6 proteins are 
highly conserved in eukaryotes and are known components of the dynein and myosin-V 
motors. LC8 can bind cargo (cell proteins or virus particles) to allow movement along the 
cytoskeleton. Thus, the interaction of the Sirevirus Gags and LC8 or LC6 may be to move 
vi 
the Sirevirus VLPs or transposition intermediates within a cell (for example, from 
cytoplasmic to nuclear compartments). If true, this would not only represent the first 
example of a movement mechanism for any retrotransposon, but it also illustrates how plant 
retrotransposons and plant viruses use similar mechanisms to achieve a common goal. In 
addition, an initial characterization of the expression and localization of the 
LC8/LC6 gene family was completed. 
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CHAPTER 1. GENERAL INTRODUCTION 
GENERAL INTRODUCTION 
The general introduction is divided into several sections. The first section describes 
the taxonomy and nomenclature of transposable elements. The second section focuses 
specifically on the long terminal repeat (LTR) class of transposable elements — 
retrotransposons and retroviruses — and provides a detailed overview of their lifecycle and 
the mechanism of reverse transcription. The next section places the diversity of LTR 
retrotransposons in a context shaped by the recent expansion in genome sequence data. After 
this, the background and significance of plant retrovirus-like elements are explained. The last 
section outlines the organization of the remaining chapters in this dissertation. 
TAXONOMY OF TRANSPOSABLE ELEMENTS 
Transposable elements are repetitive and mobile entities that reside in the genomes of 
eukaryotic organisms. Because of their ability to change location, they can greatly affect the 
host genome in both negative and positive ways. There are two types of transposable 
elements - those that move via a DNA intermediate (called DNA transposons) and those that 
move through an RNA one (called retrotransposons) (Feschotte et al., 2002). Autonomous 
transposable elements encode the proteins necessary for movement of their own genomes 
while non-autonomous elements must use the autonomous elements' proteins for 
mobilization. Autonomous DNA transposons encode a transposase enzyme that recognizes 
the terminal inverted repeats flanking a DNA transposon. The transposase excises the 
element from its current location and pastes it into a new location in a genome. 
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Retrotransposons, transposable elements that use an RNA intermediate, are divided 
into non-LTR and LTR classes (Figure 1). LTR abbreviates 'long terminal repeat' and 
represents the direct sequence repeats that flank the genome of LTR retroelements. All 
autonomous retrotransposons encode a reverse transcriptase (RT) enzyme that copies the 
element's RNA into a cDNA. The non-LTR class of retroelements includes the prolific 
LINE and SINE elements. Instead of being bounded by sequence repeats, these elements 
have a poly-A tail at the 3' end and undergo a reverse transcription reaction that uses the 
poly-A tail (Eickbush and Malik, 2002). 
The LTR class of retroelements includes both retrotransposons and retroviruses. True 
retroviruses (HIV is an example) are only found within the vertebrates of the animal kingdom 
and are often studied because of their importance to human health. Retrotransposons, in 
contrast, are found in most eukaryotic genomes and can greatly affect the genomes in which 
they reside. These repetitive elements have a characteristic genomic structure - they are 
bounded by LTRs, and their open reading frames (ORFs) encode both the structural Gag 
proteins as well as the enzymatic proteins, protease (PR), integrase (IN), and reverse 
transcriptase (RT) with an associated RNaseH (RH) domain, encoded by the po/ ORF. 
Retroviruses encode at least one more gene — emWope (e%v). The Env protein of 
retroviruses mediates fusion between the virus and a cell during the retroviral infection 
process. 
Finally, within the LTR retrotransposon class of elements, two main families have 
been described in detail and will be referred to multiple times throughout this dissertation. 
These families are known as the Tyl/copia (formal name R?gWov;'r%&zg) and Ty3/g_ypyy 
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Retrovirus 
(RefroW/fdae) 
Ty3/gypsy 
retrotransposon 
(WefaWrfdae) 
Ty1/cop/a 
retrotransposon 
(PseudoWr/da e) 
Non-LTR 
LINE retroposon 
Non-LTR 
SINE retroposon 
Figure 1. Schematic of retroelements. LTR retroelements are bounded by 
direct repeats or LTRs as indicated by the boxed arrows. Boxes represent 
open reading frames (ORFs). Retroviruses encode gag, po/ and env ORFs, 
whereas retrotransposons typically lack the eny ORF. Non-LTR retro posons 
lack the direct sequence repeats but have a polyA tail. Note the difference in 
gene order between the Ty 1 /cop/e group and Ty3/gypsy group of 
retrotransposons. PR, protease; RT, reverse transcriptase; IN, integrase; EN, 
endonuclease. 
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(formal name M2faWr%&zg) and are distinguished based on the phylogenetic divergence of RT 
sequences (Xiong and Eickbush, 1990) as well as by the order of their genes within pof. 
THE RETROVIRUS AND RETROTRANSPOSON LIFECYCLE 
The retrotransposon and retrovirus lifecycles share many steps in common (Boeke 
and Chapman, 1991; Brown et al., 1989), and both will be described here (Figure 2). For 
retrotransposons, which complete their lifecycle within one cell, an element located within 
the host DNA is transcribed by the cell's transcriptional machinery to make an mRNA. This 
mRNA is transported into the cytoplasm where it can undergo one of two fates. The mRNA 
can be translated into the retroelement proteins Gag, PR, IN, RT (and Env in the case of 
retroviruses), or two RNAs can be packaged inside a particle to undergo the process of 
reverse transcription. The Gag proteins make up the retrotransposon virus-like particles 
(VLPs) and the virus particles (VPs) of retroviruses. Once the RNA has undergone the 
complicated process of reverse transcription and has been copied into a cDNA, the IN protein 
binds the ends of the newly formed cDNA. The pre-integration complex is transferred to the 
nucleus, where IN catalyzes the joining reaction of the retroelement cDNA to the host's 
genome. From here the process can begin again. 
For retroviruses, the lifecycle usually begins after entry of the virus particle through 
the plasma membrane of the target cell (Coffin et al., 1997). After entry, the retroviral RNA 
undergoes the process of reverse transcription and the pre-integration complex moves to and 
enters the nucleus where it can integrate the viral genome into the host (after integration the 
new copy is called the provirus). The provirus is then transcribed to mRNA and undergoes 
the same steps as retrotransposons. The Env proteins of retroviruses are transported to the 
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Figure 2. LTR retroelement lifecycle. Txn = transcription,Isl = translation. 
For retrotransposons, whose llfecyle is completely intracellular, the cDNA is 
integrated into the host DNA of the same cell. For retroviruses, the virus 
particle leaves a cell by budding from the plasma membrane. All retroviral 
Env proteins have a transmembrane domain that anchors it in the plasma 
membrane, coating the particle with Env after budding, lb complete its life-
cycle, a retrovirus recognizes a host receptor on the surface of another cell. 
Binding of Env to the receptor mediates fusion between the membrane-bound 
VP and the plasma membrane of the host cell. 
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plasma membrane. The VP forms on the plasma membrane (containing Env), and when the 
VP buds from the cell, the lipid bilayer containing the Env proteins coats the particle. The 
retrovirus can then recognize target cells through by the Env proteins. 
The process of replication using reverse transcription for LTR retroelements is 
complicated, but will be briefly described here. The enzymes involved in replication include 
the highly conserved RT and an associated RNaseH (RH) enzyme. Certain sequences of the 
LTR retroelement are required for reverse transcription to occur. These include a region of 
the LTR and two cfj elements located next to the LTRs. The LTR is divided into three 
regions termed U3 (unique to 3'), R (repeated region) and U5 (unique to 5'), with the R 
region being the most important for reverse transcription (Figure 3). The two cw elements 
serve as primers for the RT enzyme. One is called the primer-binding site (PBS) and the 
other is the poly-purine tract (PPT). For replication to begin for LTR retroelements, a 3' 
hydroxyl group of a tRNA is needed to prime the RT enzyme, and most often this comes 
from the acceptor stem of the tRNA (Figure 3). The RNA-dependent DNA polymerase 
activity of RT extends DNA synthesis from the 3' end of the tRNA primer to the 5' end of 
the genomic RNA. The accumulated short minus strands are termed minus-strand strong stop 
DNA (-ssDNA). During reverse transcription, the RH enzyme degrades the RNA component 
of the RNA:DNA hybrid and releases this -ssDNA. Because the R region of the retroelement 
is present at both ends of the genomic RNA, the -ssDNA released from the RNA:DNA 
hybrid can anneal to the R region in the 3' end of the genomic RNA template. This is 
referred to as the first strand transfer. Once the -ssDNA is paired to the genomic RNA, 
RNA-dependent DNA synthesis can resume allowing for the synthesis of the 
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Figure 3. Reverse transcription overview. The boxed arrows represent 
LTRs of a typcial retroelement. The LTRs can be divided into 3 regions 
termed U3, R and U5. In the genomic RNA depicted in A, the R region is 
repeated twice. The L shaped line represents a tRNA used to prime 
reverse transcription. Arrows represent the direction of transcription. 
8 
minus strand DNA of the retroelement. As synthesis proceeds, the RNA template is degraded 
in the RNADNA hybrid, except at the PPT region. PPT sequences are resistant to RH 
activity and can function as primers for plus strand synthesis of the cDNA. The strong stop 
plus strand DNA (+ssDNA) is initiated from the PPT located near the 3' LTR. The +ssDNA 
undergoes a second strand transfer (through sequence complementarity) to the 5' end of the 
template. Plus strand synthesis then completes the copying of the genomic RNA into cDNA, 
and the new retroelement copy is ready for insertion into the host genome. 
THE DIVERSITY OF RETROTRANSPOSONS 
I have just related the underlying facets of the lifecycles that retroviruses and 
retrotransposons share. However, as is the case in biology, there are many variations on the 
same theme. My dissertation focuses on one of the variations in the genomic structure and 
lifecycle of LTR retrotransposons. The following six sections of this dissertation are taken 
from a review I wrote (Havecker et al., 2004) describing the diversity of retrotransposons that 
we now know to exist. 
As genome sequence data has accumulated for a large number of eukaryotes, it has 
become clear that most organisms contain LTR retrotransposons from multiple distinct 
lineages. Although all are flanked by LTRs and encode gag and pof genes, the lineages 
diverge considerably in their DNA sequences and genomic organization. The International 
Committee on Taxonomy of Viruses has attempted to provide a taxonomic framework for 
understanding the relationships among the vast numbers of retrotransposons that have come 
to light through genome sequence analysis (Boeke et al., 2004a; Boeke et al., 2004b) (Figure 
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4); this framework is based on relationships among amino acid sequences of the RT protein, 
the most highly conserved of the retrotransposon proteins. Two retrotransposon families -
the fjgWoWrw&zg and the MgfavzrWag - have been described in detail; both are found in most 
eukaryotes. The two families are also distinguished by the order of the coding regions within 
their po/ genes. Discovery of the retrotransposon from Atlantic cod and related 
elements has shown that some members of the fjgwdovzrK&ze (on the basis of RT sequence) 
have a gene order characteristic of Mgfavirw&zg (Goodwin and Poulter, 2002). 
As with any taxonomic framework, the LTR retrotransposon classification system 
undergoes frequent revision as diverse elements are identified. This is particularly true for 
the genera that make up the two families. Three genera currently comprise the 
PjgWovirK&ze: the pseudoviruses, hemiviruses and sireviruses (Figure 4). The sireviruses 
derive from plant hosts and make up a distinct lineage according to their RT amino-acid 
sequences; the pseudoviruses and hemi viruses are distinguished by the primer used for 
reverse transcription (a full tRNA or half-tRNA, respectively). Note that this classification 
does not correspond directly with the phylogenetic relationships of retrotransposons, so that 
the Pseudoviruses make up three distinct lineages (Figure 4). The MefaWrK&zg also comprise 
three genera - the metavirus, the errantivirus and semotivirus - which can be discriminated by 
phylogenetic analysis of RT amino acid sequences. A distinct lineage of elements, the DIRS 
group, has yet to be placed within the taxonomic framework. In addition to being distinct 
based on RT sequences, the DIRS group (named after the founding element in 
DzcfyosWzw/M discoidewm), has some unusual features - they lack a protease and have a 
tyrosine recombinase instead of an integrase (Goodwin and Poulter, 2001; Goodwin and 
Poulter, 2004). 
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Pseudovirus 
Sirevirus 
Pseudoviru 
Pse! C/ass//7caf/on 
Pseudowndae 
| | Mefawr/dae 
I I L/nc/ass/Aed O/RS group 
Metavirus 
DIRS 
otlvlrus 
Figure 4. A schematic phylogenetic tree of LTR retrotransposons. The sectors 
represent the diverse elements that make up each distinct lineage. The DIRS 
lineage is named for the founding member from O/cfyosfe/Zum d/sco/deum. 
(Adapted from Havecker et al., Genome Biology (2004) 5:225) 
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Orgomzafm» aWpo/ 
Whereas RT amino acid sequences and the order of domains within po/ are 
sufficiently conserved to be used to classify the LTR retrotransposons, the ways in which gag 
and poZ are organized and expressed vary considerably. As multiple proteins are encoded on 
one mRNA, the gag and pof genes in some LTR retrotransposons are separated by a 
frameshift or a stop codon, and occasionally these breaks in the reading frame are ignored by 
the translational machinery. Much more Gag than Pol is needed for productive VLP 
formation and consequently for replication of the retrotransposons ; the use of either a stop 
codon that is occasionally ignored or ribosomal frameshifting (strategies called recoding) are 
used to regulate the ratio of the two proteins. We (Gao et al., 2003) have analyzed the 
genome sequences of Cag/zor/%zMzf;j gfega/w, DrojopMa 
fneZa/Mgajfer, Ca/w/wfa aAWca/u, Arabidop.».? fAa/zana to predict the strategies used to 
express their gag and po/ genes. By analyzing the genomic structure and the nucleotide 
sequences surrounding the gag-poZ junction, the type of recoding used for Pol translation 
could be inferred (Gao et al., 2003). The results indicated that mechanism used to express 
Pol is related to the host from which the retrotransposon originates. For example, about 50% 
of the retrotransposons identified in this study had a single ORF fusing Gag and Pol, and this 
organization was the one most often found in plant elements. A single Gag-Pol ORF does 
not undergo recoding per je but is subjected to other mechanisms such as differential protein 
degradation, to ensure a high ratio of Gag to Pol. Retrotransposons in the MefaWndioz from 
the animal kingdom preferentially used-1 frameshifting to regulate Pol production. In 
contrast, a +1 frameshift was more rarely observed, but was distributed equally among 
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kingdoms and among fsewdoviri<#ae and Mefavzrw&ze. Finally, stop codon suppression was 
found in a total of only two possible cases. 
AddzfionaZ open reading /rames in LTR refrofronsposons. 
Although retrotransposon gag and poZ genes are believed to be necessary and 
sufficient for transposition, a number of retrotransposon families with aberrant gene 
structures have now been identified (Figure 5). One frequent structural change is the addition 
of coding information. 
/?efrofransposons WfA env-Z;&e genes. One of the main differences between 
retrotransposons (with a wholly intracellular life cycle) and their infectious retrovirus cousins 
is the presence of an envelope (env) gene in the latter, which allows a virus particle to infect 
another cell. A number of retrotransposons have an extra ORF in the same position as the 
env gene found in retrovirus genomes (Figure 3). The best characterized examples of env-
containing retrotransposons are the Drosophila errantiviruses including gypsy and ZAM 
(Leblanc et al., 2000; Pelisson et al., 2002). The life cycle of these elements has been 
examined in detail, and gypsy has been shown to be infectious (Kim et al., 1994; Song et al., 
1994). 
The presence of an env gene within a retroelement is not limited to the erranti viruses; 
genomic studies have revealed that the env-like ORFs are widespread among 
retrotransposons in both the Psew<&?vir%&ze (sireviruses) and MefaWrw&ze (errantiviruses, 
metavi ruses, semotiviruses) (Eickbush and Malik, 2002; Malik et al., 2000). Elements 
containing an env-like ORF in each of these lineages also originate from diverse host species. 
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Type Genomic Structure 
Pseudovirus 
Ty1/cop/a 
Metavirus 
Ty3/gypsy 
PBS PPT 
po/ (PR-IN-RT) 
PBS PPT 
po/(PR-RT-IN) 
Retrotransposons with 
an env-like ORF 
PBS PPT , 
gagpo/ H @nW*e | 
Retrotransposons with 
non-coding or antisense 
ORFs 
LARDs 
TRIMs 
PBS 
gag pot JEEt 
PPT 
_PBS PPT 
PBS PPT 
Figure 5. Examples of aberrant gene structures found in some 
retrotransposons. PBS, primer binding site; PPT, polypurine tract; PR, pro­
tease; RT, reverse transcriptase; IN, integrase. Open boxes represent an 
open reading frame. Boxed arrows represent the long terminal repeats of 
retrotransposons and lines represent DNA not coding for protein [adapted 
from Havecker ef a/., Genome Biology (2004) 5:225]. 
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The retroelement most recently shown to have an env-like ORF, BowJfcco, is a metavirus 
from the human blood fluke (Copeland et al., 2003). Other examples include the Af/w&z 
elements, which represent a large proportion of the retroelements in Arabidopsis (Wright and 
Voytas, 2002). In a related element in barley, Bogy-2, the env-like gene transcript is spliced 
similarly to the env transcripts of retroviruses (Vicient et al., 2001). Members of the sirevirus 
group make up half of the approximately 400 PjeWovzrw&ze sequences present in GenBank, 
and of these, about one third have an env-like ORF (X.G. and D.V., unpublished 
observation). Semotiviruses (also called BEL retrotransposons) with env-like ORFs have 
also been described in nematode genomes as well as in pufferfish and Drosophila (Bowen 
and McDonald, 1999; Frame et al., 2001). 
Do Env-like proteins enable these diverse retroelements to become infectious? In a 
few cases, the env-like genes have been shown to be significantly similar in sequence to 
genes of different viruses, suggesting that they were acquired by retrotransposons through 
transduction of a cellular gene (Malik et al., 2000). The amino acid sequences of these 
proteins are highly divergent, making it difficult to assess whether or not they have a 
common function. That said, many env-like ORFs have predicted transmembrane domains 
(like retroviral Env proteins), although this is not a universal feature. It is possible that 
retroviral activity has evolved several times in retrotransposon history, or that these genes 
may confer novel function(s), such as movement between tissues of an organism (as 
suggested for the gypsy elements) or movement within cells (such as between the cytoplasm 
and nuclear compartments). Alternatively, the Env-like proteins could serve as a chaperone 
proteins to facilitate replication. Functional studies are required to discern the biological roles 
of these interesting genes. 
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Of/zzr <%&#f(07KzZ Ppen Rewfmg Frames. Other novel coding regions have also been 
identified within various retrotransposons, but it is unclear how broadly these coding 
sequences are conserved. For example, K/RE2 of rice - a metavirus - has a small ORF of 
unknown function upstream of its gag gene (Kumekawa et al., 1999). Some plant 
retrotransposons carry ORF(s) that are anti sense to the genomic RNA transcript (Figure 3), 
including the metaviruses #/RE2 of rice and Gro/wW of maize (Martinez-Izquierdo et al., 
1997; Ohtsubo et al., 1999). The functions of these anti sense ORFs are also unknown. In a 
few cases, retrotransposons have acquired sequences that probably do not have any role in the 
lifecycle of the elements. The retrotransposon of maize, for example, has transduced a 
cellular gene sequence - in this case a part of a gene encoding an ATPase (Bureau et al., 
1994; Jin and Bennetzen, 1994). 
E7R rgfrofrafLspaMMJ Zoc&mg O/fFs 
An intriguing story is emerging about the presence of non-autonomous LTR 
retrotransposons in many eukaryotic genomes. Non-autonomous elements do not encode the 
proteins necessary for transposition; instead, they are mobilized m fra/w by proteins provided 
from functional (autonomous) elements. This mechanism is well documented for DNA 
transposons (Feschotte et al., 2002), and recent genome-mining studies have revealed many 
types of non-autonomous retrotransposons, suggesting that the process also occurs among 
retrotransposons. Typically, these elements lack all coding capacity, but have retained LTRs, 
a primer binding site (PBS) and a polypurine tract (PPT) (Figure 5). These are the minimal 
features required for replication, because the LTRs contain the promoter needed to produce 
the template RNA, and the PBS and PPT are needed to prime reverse transcription. The 
success of some non-autonomous elements is staggering; for example, the non-autonomous 
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Doj&gfig and Zeon-7 are each represented by around 1,000 copies in the maize genome (Hu 
et al., 1995; Jiang et al., 2002a). 
For most non-autonomous retrotransposons, it is unclear which autonomous element 
is involved in mobilization. Striking similarities between the non-autonomous and 
the autonomous 7URE2 element, however, make it very probable that MRE2 provides the 
proteins needed to move DarAe»# (Jiang et al., 2002b). The evidence for this, mostly 
provided by the emerging rice genome sequence, includes a high degree of sequence 
similarity within and adjacent to the LTRs (suggesting that the promoters and/or sequences 
necessary for reverse transcription are the same), a similar distribution between #/#E2 and 
along the rice chromosomes (suggesting that they may be integrated by the same 
enzyme), the presence of chimeric elements (suggesting that RNAs from 
both elements are packaged within a single virus-like particle), and the presence of young 
and #/RE2 elements (suggesting that these elements could be co-expressed). 
The non-autonomous elements are large, ranging in size from 5.5 kilobases 
(kb) to 8.5 kb (Jiang et al., 2002b). Large non-autonomous elements like DorAe»# have now 
been named 'large retrotransposon derivatives' (LARDS) (Kalendar et al., 2004). The 
LARDs identified in barley and other members of the Triticeae tribe have LTRs of 4.5 kb and 
an internal domain of 3.5 kb. The internal domain of the LARDs contain conserved non-
coding DNA that may provide important secondary structure to the mRNA, although it is not 
known how these non-coding DNA features function in the life cycle of the LARDs. On the 
basis of sequence identity, it seems that barley LARDs may be mobilized by a 
retrotransposon related to the metaviruses Erz&a-/ of the wheat Triffcwm monococcwm and 
of rice. 
17 
Finally, a second class of non-autonomous LTR retrotransposons has been identified 
in plants, called 'terminal-repeat retrotransposons in miniature' (TRIMs; Figure 5). They 
were originally identified in a potato wrease gene intron and subsequently found in the 
Arabidopsis genome, where the founding element was named (Witte et al., 2001). 
TRIMs also lack an internal coding domain but, in contrast to the LARD type of non-
autonomous retrotransposon, TRIMs are very small, less than 540 bp overall. There are 
TRIMs in both monocotyledonous and dicotyledonous plants, but no autonomous partner has 
been found or proposed. The location of TRIMs within promoters and introns indicates that 
these elements have been important in restructuring plant genomes. 
Variation in retrotransposon genomic organization is not limited to the presence or 
absence of coding information. Some retrotransposons contain a large amount of conserved 
non-coding sequence. The barley LARD element with 3.5kb of non-coding DNA (mentioned 
above) is one example; another is a group of plant meta viruses that carry several kilobases of 
non-coding DNA betweenpo/ and the 3' LTR. Among these are the maize Cm/M (Sanz-
Alferez et al., 2003) and Gra/wW elements (Martinez-Izquierdo et al., 1997), R/RE2 from 
rice (Ohtsubo et al., 1999) and from Arabidopsis (Wright and Voytas, 1998). For 
GrofwW and #/RE2, antisense ORFs have been described, but they do not account for the 
entire segment of non-coding DNA (Martinez-Izquierdo et al., 1997; Ohtsubo et al., 1999). 
In addition, many retrotransposons, including the and Cm/»/ elements, have a series 
of short tandem repeats very close to the 3' end of the pof gene, or at a putative poZ-env 
junction. This may suggest a potential function for the tandem repeats: they may facilitate 
recombination and acquisition of new coding information through gene transduction (Sanz-
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A (ferez et al., 2003). In support of this hypothesis, repeated non-coding information seems to 
be found between the env-like ORF and the 3' LTR in both the .S7RE7 (Laten et al., 2003) and 
Af/w&z retrotransposons (Wright and Voytas, 2002). In the retrotransposons with env-like 
ORFs, the repeats show similarity to poly purine tracts, suggesting that they might instead 
have a role in reverse transcription. 
The sequenced eukaryotic genomes have provided a new appreciation for the 
diversity among LTR retrotransposons. As sequence data accumulate, additional novel 
elements are likely to be revealed. The challenge in the future will be to understand how 
diversity in retrotransposon genome organization and coding sequences of reflects differences 
in retrotransposition mechanisms and strategies employed by these elements to colonize host 
genomes. 
PLANT RETROVIRUS-LIKE ELEMENTS 
This dissertation focuses on plant retrotransposons with an env-like ORF. Of the six 
examples of retrotransposons with proven or potential infectious capability, two examples 
come from plants (Figure 6) (Eickbush and Malik, 2002). These potentially infectious plant 
retrotransposons have an extra ORF located between poZ and their 3' LTR. In addition, the 
protein is often predicted to have transmembrane domains similar to retroviral Env proteins. 
Because of the lack of decisive evidence showing this ORF to be true Env protein, it is often 
referred to as an env-like ORF. Many examples of plant retrotransposons with the env-like 
ORF have been observed and characterized (Kapitonov and Jurka, 1999; Laten et al., 2003; 
Laten et al., 1998; Lerat and Capy, 1999; Peterson-Burch and Voytas, 2002; Vicient et al., 
2001; Wright and Voytas, 1998; Wright and Voytas, 2002). The various plant 
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Ty1 /cop/a S/REf 
Hepadnaviruses 
Cer Y3 
Ty3/gy:Sy 
Caulimovirus 
Retroviruses 
/IWa* 
Osya/c/o 
gypsy 
Figure 6. Reverse transcriptase phylogenetlc tree. All groupings in this figure are virus 
or virus-like entitites containing an RT enzyme. Black triangles represent entities with the 
potential of or evidence of infectious capability. Note that all caullmorviruses and 
retroviruses are infectious. Black triangles within the Ty1 /cop/a and Ty3/gypsy clades 
indicate the presence of an eny-llke gene. The starred names are from plant species. 
Redrawn and adapted from Eickbush & Malik, MoMe DMA //, 2001. 
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retrotransposons fall into two unrelated families. The AfMa-type elements are Ty3/gya#y or 
metavirus elements originally identified in Arabidopsis (Pelissier et al., 1995; Wright and 
Voytas, 1998). The Arabidopsis genome sequence has allowed for extensive characterization 
of the family, and it has been observed that all known AfMo elements are most likely 
degenerate. Each contains several nonsense or frameshift mutations that would render viral 
proteins non-functional, and thus it will be difficult to determine the function of the Env-like 
protein in the context of an Af/zz&z element (Wright and Voytas, 2002). 
A second family of potential plant retroviruses resides within the Tyl/copwz or 
class of retrotransposons. The founding member of this group is SfREl from 
soybean, and this family is estimated to be present 500 to 800 times in soybean (Laten et al., 
1998). After the sequencing of many members of this family, it was found that some are 
likely capable of transposition, since no obvious mutations were present within their ORFs 
(Laten et al., 2003). Besides the existence of related elements in other plants genomes 
(Peterson-Burch and Voytas, 2002; Peterson-Burch et al., 2000), nothing more was known 
about the function of the env-like ORF or any other of the novel features of this family. 
However, after characterizing additional S7RE-like elements (Endovir-1 from Arabidopsis 
and ToRTL from tomato), it was also found that these JMRE-like elements also contain extra 
coding information in the form of an extended gag gene (Peterson-Burch and Voytas, 2002). 
Shortly after, this group of 57RE-like elements was designated as a separate genus of the 
PjgWovzrK&ze referred to as sireviruses (Boeke et al., 2004b). The conservation of the env-
like ORF in both the and 67RE-like elements and the extended gag gene within the 
sireviruses made it apparent that these additional coding regions provide an important 
function. This dissertation explores the function of the gag gene in the sireviruses. 
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DISSERTATION ORGANIZATION 
My dissertation characterizes a distinct group of plant LTR retrotransposons referred 
to as the sireviruses, whose features that set them apart from classical retrotransposons. 
Chapter 1 describes the background and diversity of LTR retrotransposons, as well as what is 
known about plant retrotransposons that are similar to retroviruses. Chapter 2 describes work 
I have done on a specific family of the sireviruses, the S7RE7 family from soybean, from 
which the sireviruses were named. In this work I discovered that in contrast to most plant 
LTR retrotransposons, the S7RE7 family is evolutionary young, and an active element likely 
exists in soybean. In chapter 3 I relate how I was able to determine that the env-like gene of 
the 57RE7 elements is translated by a recoding mechanism called stop codon suppression. 
This is in contrast to all other known cases of retroviral env translation, where the Env protein 
is made from a spliced transcript. After the soybean S7RE7 family analysis, I looked at the 
vast amount of available genomic sequence to characterize the sireviruses as a whole. 
Chapter 4 describes the unique features of the different sireviruses from many different plant 
species. Besides the fact that some sireviruses carry the extra env-like ORF, all sireviruses 
have a significantly larger gag gene. The Gag protein is known to form the VLP of the 
retrotransposon. This work focused on understanding an interaction I uncovered between the 
Gag proteins of the sireviruses and a highly conserved family of proteins in eukaiyotes called 
dynein light chain 8 (LC8). Chapter 5 is a paper that analyzes the six-member LC8/LC6 gene 
family in AraMdopjfj through promoter expression analysis and subcellular 
localization of the proteins. Prior to this work, no information was known about this gene 
family in any plant species. Chapter 7 describes the general conclusions that can be obtained 
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from this work as well as future experiments that can be completed to further understand 
these interesting mobile elements and their interacting proteins. A second author paper where 
our group surveyed the translational recoding mechanisms used in LTR retrotransposons is 
also included in the appendix chapter. 
In general, each chapter is organized as a paper being ready for submission to a 
scientific journal. Chapters 1,2 and chapter 3 have already been published in Genome 
Bio/ogy, Mo/ecwZar BWogy and EWwfzon and EMBO reporfj, respectively (Havecker et al., 
2004; Havecker and Voytas, 2003; Laten et al., 2003). With the exception of chapter 1 and 
chapter 3 (which has been published with a combined results and discussion section), the 
papers begin with an introduction followed by materials and methods, results, discussion, 
acknowledgements and references. The figures for the papers appear at appropriate places 
within the text document. 
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CHAPTER 2. MREJ, AN ENDOGENOUS RETROVIRUS FAMILY FROM 
GLFC7NE IS HIGHLY HOMOGENEOUS AND EVOLUTIONARILY YOUNG 
A paper published in AWecwZar Bio/ogy aW Evo/wfio»' 
Howard M. Laten^, Ericka R. Havecker^, Lisa M. Farmer'* and Daniel F. Voytas^ 
ABSTRACT 
is unusual among Tyl-copia retrotransposons in that it has an additional open reading 
frame with structural features similar to retroviral envelope proteins betweenpo/ and the 3' 
LTR. Here we report the characterization and comparison of eight different elements 
derived from a soybean genomic library, as well as S7&E7 reverse transcriptase from G/ycing 
jq/a. The DNA sequences of the eight S7RE7 elements are highly homogenous and share 
greater than 95% nucleotide identity. Partial sequences obtained from BAC ends are 
similarly conserved. Phylogenetic analyses resolve two closely related 57&E7 lineages, and 
nucleotide changes within and between 57&E7 lineages have occurred to preserve function. 
Both the gag and the e/iv-like genes are evolving under similar levels of functional constraint. 
Considerable sequence heterogeneity in the form of short duplications was found within the 
LTRs and in the region between the gfiv-like ORF and the 3' LTR. These duplications are 
^Reprinted with permission of M8E, 2003,20(8): 1222-1230. 
^Professor, Department of Biology, Loyola University of Chicago, collaborator and 
corresponding author. 
^Secondary researcher, sequenced 4 of the 8 S7/Œ7 elements and contributed to writing paper. 
^Undergraduate student Loyola University responsible for DNA isolation for some S7RE7 
elements. 
^Professor, Department of Genetics, Development and Cell Biology, Iowa State University. 
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suggestive of slippage by reverse transcriptase during replication. Sequence identity between 
LTRs of individual insertions suggests that they transposed within the past 70,000 years. 
Two of the 10 insertions examined abut Ty3-gypsy retroelements. Since the soybean 
genome harbors more than 1,000 57RE7 insertions, the collective data suggest that S7&E/ has 
undergone a very recent and robust amplification in soybean. 
INTRODUCTION 
The genomes of most plants harbor a diverse collection of retroelements, including 
LINE-like retroposons, long terminal repeat (LTR) retrotransposons, and endogenous 
retroviruses (Wessler, Bureau, and White 1995; Bennetzen 2000; Peterson-Burch et al. 2000; 
Vicient, Kalendar, and Schulman 2001;). The coding sequences of most characterized plant 
retroelements are highly degenerate and are cluttered with stop codons, frameshifts, and 
deletions. Autonomous retrotransposition has only been documented for a handful of plant 
retroelements (Grandbastien, Spielmann, and Caboche 1989; Hirochika et al. 1996a; Agrawal 
et al. 2001), yet there is clear evidence of retrotransposon amplification in plants within the 
last several million years (SanMiguel et al. 1998; Vicient, Kalendar, and Schulman 2001). 
Thus, despite their general degeneracy, a minority of plant retroelements are functional and 
actively expanding (Pouteau et al. 1991; Hirochika et al. 1996b; Takeda et al. 1998; 
Jaaskelainen et al. 1999). 
Among the plant LTR retrotransposons, families of both Tyl-copwz and Ty3-gy/zsy 
elements have been discovered that encode envelope-like proteins (Turcich et al. 1996; Laten, 
Majumdar, and Gaucher 1998; Wright and Voytas 1998; Kapitonov and Jurka 1999; Laten 
1999; Peterson-Burch et al. 2000; Vicient, Kalendar, and Schulman 2001; Wright and Voytas 
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2002). This suggests that plant genomes - like those of Drosophila, other lower animals, and 
vertebrates (Boeke and Stoye 1997) - harbor endogenous retroviruses. Of the plant elements 
with g/zv-like genes, STREJ-l from Gfycw# max is the only element whose coding sequences 
are not truncated or peppered with nonsense and/or frameshift mutations (Laten, Majumdar, 
and Gaucher 1998; Laten 1999; Peterson-Burch et al. 2000). Furthermore, Southern 
hybridization analyses suggested that the approximately 1,000 S/RE7 copies in the soybean 
genome are homogeneous ( Laten and Morris 1993; Laten, Majumdar, and Gaucher 1998), 
implying that S7RE7 elements may have recently undergone a replication burst. To explore 
this hypothesis and to understand the evolutionary dynamics of the S7RE7 family, we 
characterized the DNA sequences of seven additional independent S7RE7 insertions, as well 
as .SYRE7 reverse transcriptases from the ancestral, wild soybean, Gfycmg jq/a. 
MATERIALS AND METHODS 
Clones containing 57RE7 sequences were recovered from a X genomic library 
(Stratagene) by plaque hybridization (Sambrook, Fritsch, and Maniatis 1989) using a probe 
encompassing the integrase (IN) and reverse transcriptase (RT) coding regions, and most of 
the gfzv-like gene from S7/Œ7-1 (Laten, Majumdar, and Gaucher 1998). DNAs were isolated 
from plate lysates (Qiagen) and amplified by standard protocols using recombinant Taq DNA 
polymerase (Life Technologies). Primer pairs were designed to amplify either the 5' or 3' 
end of S7RE7-1 to screen for phage clones carrying full-length .S7RE7 elements. The 5' ends 
were amplified using a LTR forward primer (TGGAAGGTTGTAAACAGTGGC) and a gag 
reverse primer (AGTCGAAAGGGATGTTCCG); 3' ends were amplified using an env-like 
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ORF forward primer (ACATTGTCTCGACACAGGG) and a LTR reverse primer 
(ATATTTTCGGGCAGATG). 
For sequencing, phage DNAs were isolated from plate lysates (Qiagen). S2RE7-7, 7-8, 
and 7-9 DNAs were sequenced directly from recombinant phage at the University of Chicago 
Cancer Research Center DNA Sequencing Facility, as were selected regions of 5"7RE7-2, 7-4, 
7-13, and 7-14. Phage DNAs for S77Œ7-2, 7-4, 7-13 and 7-14 were amplified using the high 
fidelity DNA polymerase, Pfx (Invitrogen), with primers designed based on the sequence of 
57RE7-1. PCR products were purified (Qiagen) and sequenced at the Iowa State University 
DNA Sequencing Facility. Repeated amplifications using the same templates yielded 
products with identical DNA sequences. DNAs isolated from Gfycmg aw/a leaves (Klimyuk 
et al. 1993) were PCR-amplified under standard conditions using forward and reverse primers 
based on S77ZE7-1 RT (GAGGCACTGACTGATGAGTTC and 
TTCTTTGCATACTTGCrTTGTGAG, respectively). PCR products were cloned into 
T0P02.1 vectors (Invitrogen) and three clones were sequenced using vector primers at the 
Iowa State University DNA Sequencing Facility. 
DNA sequences were aligned using CLUSTALW (Higgins, Thompson, and Gibson 
1996). The presence of size polymorphisms in the region between the g/iv-like ORF and the 
3' LTR (bases 8200 to 8700) made alignments difficult, and so the region was manually 
realigned. Gaps were inserted to maximize alignments of nearly identical blocks of 
duplicated nucleotides. Phylogenetic and molecular evolutionary analyses were conducted 
using MEGA version 2.1 (Kumar et al. 2001). DNA p-distances were used for closely related 
distances (d < 0.05) and, where appropriate, gamma distances were calculated using 
Kimura's 2-parameter method (Kimura 1980). Minimum evolution, neighbor-joining, and 
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maximum parsimony trees were constructed and were evaluated on the basis of 5000 
bootstrap replicates. To evaluate the synonymous to non-synonymous substitution ratios 
(dyW#), ORF1 was split into two subrogions: one encoding just the structural Gag protein(s), 
and one encoding PR, IN, and RT (Pol). Since the cleavage site between Gag and Pol is yet 
unknown, the junction was defined to be 25 codons upstream of the conserved Asp-Ser-Gly 
presumed to be the protease active site. This position approximates the protease cleavage site 
for HIV (Pearl and Taylor 1987) as well as for Tyl (Merkulov et al. 1996) and Ty3 
(Kirchner and Sandmeyer 1993). To evaluate the ratios for the env-like ORF, the amino 
acid immediately following the po/ termination codon was designated the start codon. 
Codon-aligned nucleotide sequences were analyzed using SNAP (Nei and Gojobori 1986). 
The ages of selected elements were determined by calculating p distances between the two 
LTRs of individual elements and by using a cruciferous molecular clock to estimate the times 
of insertion (Haubold and Wiehe 2001). Sequences in Genbank related to 57RE7 and those 
flanking .S7/Œ7 insertions were sought using BlastN, TBlastN, and TblastX (Altschul et al. 
1997). 
Potential TATA promoter elements and transcriptional start sites were predicted using 
time delay neural network (TDNN) (Reese 2001) and ProScan 1.7 (Prestridge 1995). Trans­
membrane peptides were identified using TMpred (Hofman and Stoffel 1993) and PHDhtm 
(Rost et al. 1995). Searches for potential transcription factor binding sites were performed 
using Matlnspector V2.2 based on the TRANSFAC 4.0 database (Quandt et al. 1995) and 
SignalScan (Higo et al. 1999). For clarity and consistency, all nucleotide positions refer to 
the consensus sequence found with the full alignment (see Swpp/gmg/iAzry MoferW below). 
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RESULTS 
S7RE7 Dzverjify 
Because S7RE7-1 is unique among plant retrovirus-like elements in that its coding 
information does not appear to contain obvious mutations (Laten, Majumdar, and Gaucher 
1998), we conducted a survey of additional elements to assess sequence diversity within the 
family. Of the seven new elements sequenced from a X genomic library, two (S77Œ7-4 
[Figure 1] and S7/Œ7-8) were full-length, comprising 9,805 and 9,255 bp, respectively (table 
1). 57RE7-7, 7-9, and 7-13 are nearly complete copies of 9,072 bp, 9,352 bp, and 8,743 bp, 
respectively (table 1). However, all three are truncated in the 3'LTR by the cloning vector. 
.S77Œ7-2 is interrupted in gag by the cloning vector and S77Œ7-14 is interrupted in gag by a 
repetitive DNA. Only short lengths of S77Œ7-3, 7-6, and 7-10 were sequenced and are not 
included in the analysis. 
Sequences were aligned in their entirety by CLUSTALW, and neighbor joining, 
minimal evolution (ME) and maximum parsimony trees were generated. The ME trees are 
shown in figure 2. Subtrees were also constructed to independently evaluate the evolutionary 
histories of the gag-poZ and the env-like genes. A closely related Aofwayopomcwa element 
from a BAC clone (Sato et al. 2001 ; Genbank Accession No. AP004500) was used as the 
outgroup. For all sequences, the three methods produced identical, fully bifurcated trees 
(except as noted below for .S77Œ7-14) that define two S77Œ7 lineages (clades 1 and 2). We 
amplified by PCR reverse transcriptase domains from S77Œ7 elements from G. ao/a. The ME 
tree for rf is shown in figure 2C. The G. jq/a sequences fall within the two clades and further 
resolve clade 1 into subfamilies. For rf, elements within the clades share greater than 98% 
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Figure. 1. Organization of S7/(E7-4. 
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Figure 2. S/KE7 phylogenetic tree based on DNA p-distances, rooted to 1. yqpowcwj 
^/RE/related element (see text). Bootstrap percent values at nodes were based on 5,000 
bootstrap replicates. (A) ORF1 tree. (B) ORF 2 tree. The arrow indicates the internal 
branch where DNA deletions most probably occurred (see text). (C) rf tree. 
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Table 1. Summary of &7RE7 Structural Elements and Coding Regions 
Element Length LTR (bp) ORF1 ORF2 Post ORF2 Target site 
(bp) (codons) (codons) (bp) duplication 
S77ZE7-1 9295 1001 1578" 658" 527 AAATT" 
^7RE7-2 >7798= 902 >1466"*= 659 523 TGTTG" 
^77(E7-4 9805 1194 1575 680 636 CTCAA 
^7RE7-7 >9072= 1205 1577 683 632 ATTACH 
^7RE7-8 9255 999 1577 656 496 CACAT 
^77(E7-9 >9352" 1127 1577 681 615 ATTTG" 
^E7-13 >8743' 1116 1578" 686 609 CATGG" 
^77(E7-14 >7036" 1000 >1164" 668 531 CAAAG" 
Truncated copy (see text) "Contains four frameshift mutations 
""Contains one nonsense mutation ^Deduced from flanking DNA at one end only 
Table 2. Mean DNA Distances (± SE) for rf Within and Between Clades 
Oade lotus" 
1 0.016 (0.003) 0.036 (0.006) 0.384 (0.038) 
2 0.012 (0.003) 0.386 (0.039) 
lotus NA' 
"p-distance values 
"Kimura 2-parameter distance values 
" NA, not applicable, single sequence 
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nucleotide identify, whereas elements between clades are approximately 96% identical (Table 
2). 
The length variations among these elements for the LTR, the ORF2, and the ORF2-
LTR gap define two clearly differentiated groups: one composed of 67RE7-1, 7-2, and 7-8 
and a second composed of 57RE7-4, 7-7,7-9 and 7-13 (tables 1 and 3). The distribution of 
the specific indels that generate these size classes is consistent with the groupings. The latter 
group is not monophyletic since S77Œ7-13 is in clade 1 (Figure 24, B, C). However, these 
length disparities can be explained by postulating losses of DNA in the internal branch 
defining the clade 1 subfamily comprising S7RE7-1, 7-2, and 7-8 (see Figure 2B). 877(E7-13 
does not appear to be a recombinant since the informative sites flanking the deletions are 
consistent with its assignment to clade 1 (data not shown). 
S77Œ7-14 does appear to be a recombinant element. Analysis of 282 informative sites 
that unambiguously differentiate clades 1 and 2 define three evolutionary domains in 577Œ7-
14 (Figure 3). Domains I and IE define S7RE7-14 as a sister sequence to &7RE7-8 in clade 1. 
The sequence of Domain II is identical to the homologous region of ,S77Œ7-4 (clade 2) except 
for an insertion of a single triplet. 
The high degree of sequence conservation among the sequenced elements was 
confirmed by analysis of S77Œ7 sequences in GenBank. A BlastN search of the Gene Survey 
Sequence (GSS) database retrieved 57 additional S7RE7 elements from sequenced ends of 
two soybean BAC libraries (Marek et al. 2001). The BAC-end sequences averaged 500 bp in 
length. Ten overlapping gag sequences were 97% identical on average, and the six sequences 
with similarity to the gmv-like gene shared 93% identity. These values are comparable to the 
degree of sequence divergence observed for the corresponding regions of the fully sequenced 
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Figure 3. Analysis of informative sites in &0Œ1-14. Distribution of clade-specific sites 
defining domains I, II and III. Top numbers are clade I-specific polymorphisms; bottom 
numbers are clade 2-specific polymorphisms 
Table 3. Mean lengths of selected .S7RE7 regions grouped by clade (± s.d.) 
Elements Clade LTR (bp) ORF2 (bp) Gap (bp) 
1,2,8 1 967 ±57 1973 ±5 515 ±17 
4,7,9 2 1175 ±42 2044±6 628 ± 16 
13 1 1116 2058 609 
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S7RE7 elements (see below). Forty-eight of the 57 sequences (84%) contained reading 
frames uninterrupted by stop codons or frameshifts over their entire lengths. In previous 
work, we estimated that there are approximately 1000 S77Œ7 copies, which comprise 0.5 to 
1% of soybean genomic DNA (Laten and Morris 1993). These copy number calculations are 
consistent with our recovery of 57 S77Œ7 hits from the 6,146 sequences deposited in the GSS 
database. Hybridizations to arrays of soybean BAC clones also support these estimates 
(Laten and Meksem, unpublished). 
Another measure of the relative age of the S77Œ7 elements is the divergence between the 
LTRs of the same element The LTRs of a single retroelement are theoretically identical at 
the time of insertion because they are reverse transcribed from the same template sequence. 
Once integrated, changes in LTR sequences should not be subject to selection, and the 
frequency should approximate the mutation rate. Of the elements with two complete LTRs, 
S7RE7-4 had one base-pair change and S7RE7-8 had two. The three elements truncated in the 
3' LTR: 87RE7-7, 7-9 and 7-13, had no base-pair changes, one base-pair change, and no 
base-pair changes, respectively. Using an molecular clock for the synonymous 
evolution rate (Haubold and Wiehe 2001), we estimated that the insertions of S77Œ7-4 and 7-
8 occurred approximately 30,000 and 70,000 years ago, respectively. 
7,7% TWafive SkgweMC&f 
The LTRs range in length from 902 bp to 1,194 bp (table 1). The length 
polymorphisms among LTRs are due primarily to tandem sequence duplications. The 5' ends 
of the &7RE7-4, 7-7, 7-9, and 7-13 LTRs have a common 96-bp duplication separated by five 
base pairs (Figure 4). The distribution of this duplication replicates that of the length 
polymorphisms (see table 3). In addition, the LTRs of S7RE7-4 and 7-7 have four tandem 
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copies of an imperfect 20 bp repeat beginning at base 726; .S7RE7-13 has three and one 
quarter copies; ^7RE7-9 has three copies; and S7RE7-2, 7-8 and 7-14 have two copies each. 
The sequence TATATAA within the LTR was predicted with high confidence to sponsor 
transcriptional initiation at the adenine at base 630 by both TDNN (Reese 2001) and ProScan 
(Prestridge 1995) (Figure 4). This location is approximately 300 bp upstream of the 5' end of 
a previously characterized S77Œ7 cDNA clone (Bi and Laten 1996). The sequence is 
perfectly conserved among all members except ^7RE7-13. A conserved sequence candidate 
for a polyadenylation signal resides upstream of the putative transcriptional start site (base 
415 in the 5' LTR). However, a full-length genomic transcript that utilized this site would 
not contain a repeated region at both the 5' and 3' ends, which is necessary to sponsor strand 
transfer during reverse transcription. A slightly less favorable candidate for a 
polyadenylation signal is more appropriately located approximately 200 bp downstream of 
the proposed transcriptional start site (Figure 4). 
The LTRs contain several repeats of variable length that are suggestive of regulatory 
elements (Figure 4). While none of these repeats contains motifs resembling cir-acting 
regulatory elements in characterized plant retrotransposons (Grandbastien et al. 1997; Takeda 
et al. 1999), several contain the sequence, AAAG, which form the core binding site for Dof 
zinc-Anger transcription factors (Yanagisawa and Schmidt 1999). Between bases 418 and 
508, this tetranucleotide is present five times (S7RE7-1, 7-2, 7-8, 7-13, and 7-14) and eight 
times (S7RE7-4, 7-7, 7-9), respectively. The same sequence is also present at elevated density 
on the complementary strand (Figure 4). Based on the overall DNA composition of the LTR, 
AAAG and CTTT would be expected to occur 0.6 and 0.4 times, respectively, in this region. 
The cluster of AAAG is most dense between 95 and 185 bp upstream of the putative TATA 
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TGTTAGTGCTTAGCACTACTGAGTTTAAAAAGGTTGGCTAAGATTTTGTTAAAACATAAG 6 0 
CACTTAGACAATGAAGGAAAGCTGGAGTTGCTGCACATGATGTCCAACGTTATGTCAAGG 120 
AATAAGATCGGGCTGCATAATGCACAAGGCAAGATAAAGTGTCAAGTGATGAATTGAAGT 180 
TGAAGGATCCACGATGTCGGATACAATGTCCTGACATCCTGCTCGAGAATACTGGAAGTG 240 
CTGTACAATGCAAGATAAAAGTCAAGTGAAGCATTGAAGCTGCAGGATCCAAGATGTCGG 300 
ATACGATGTC CTGACATC TGGCC C GATAATAC TGGACATATAAATCTGTTATATCTTTAA 360 
CAGATTATTGTGCAGTTAGCAAGAGATTAGAAGATCTATCTTTAGGAACGAATTAAAAGA 420 
TCATTAAAGTTCGAATTTCAAAGTAGAAGAGTTCGTTCAGGGATTAAAGATTAAAGATTA 480 
AAGATTCAAACTAAAAGATCAAAAGTTATCTTTTAGTTCTTTAACTGCAGATTTTTCAGA 540 
AGAAGATAGATCTCCTCCAGCATCAAGAACTTGCAGCCCAGAATCGTACACGGCgggB 600 
ggCATGGAGGCTGCACGAGTTCTGïgCCAAGTCCGGGATTGAAGAGTTAATTTGTGAGTT 660 
TTTGGGACTTGAGTCTTTTGTGAGCCACCTTGATGGTACCCTTACATCAAGTGTTGGACC 720 
TAy^^^^g^gy^^^^ïTÇ^^^GAST^GATSTÇTATTÇgïgTAgpSTTqATSQ 780 
SÏ]%I^%^q^g^STTG&TSÏgïGATGTGTCITIG kATTA ATTGTAAACACGAGAGTGTGA 840 
GTGAGAGGGAGTGAGCAGAGGTTC TCATATC TAAGATTGGGTC TTAGGTAGAGATCGCAC 900 
GGGTAGTGGTTAGGTGAGAAGGTTGTAAACAGGGGTTGTTAGACCTTGAACTAACACTAT 960 
TGAGAGTGGATTTCCTCCCTGGCTTGGTAGCCCCCAGATGTAGGTGAGGTTGCACCGAAC 1020 
TGGGTAAACAATTCTCTTGTGTTATTTACTTGTTTAATCTGTTCATACGGACACACATAA 1080 
ACTGCATGTTCTGAAGCATGATGTCGTGACATCCTGTACGACATCTGTCCCCTGGTATCA 1140 
GAATTTCA 
Figure 4. LTR from S7RE1-7 highlighting possible transcriptional elements. Dof-like 
binding sites are in bold; MYB-like binding sites are in bold italics. Direct repeats are 
underlined with distinct patterns to differentiate them by sequence. Imperfect tandem repeats 
of 7 bp and 20 bp, are underlined with short dashes and long dashes, respectively. The 
putative TATA box is shaded in black, the putative polyA signal is shaded in gray, and the 
putative RNA start site is indicated by the single A shaded in black. 
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box typical of other retrotransposon regulatory elements (Grandbastien et al. 1997; Takeda et 
al. 1999). 
The tRNA primer binding site (PBS) in S7RE7 is complementary to soybean tRNA imet 
(Bi and Laten 1996). Among the insertions sequenced, all clade 1 elements are 
complementary to 10 bases of the 3' end of the tRNA. Clade 2 elements are complementary 
to the first 12 bases. Interestingly, the first ten bases of the PBS (TGGTATCAGA) are 
repeated just upstream of the 3' end of the LTR in every 67RE7 member. The polypurine 
tract (PPT) lies adjacent to the 3' LTR and has the sequence AAAGGGGGAGA. There are 
no sequence polymorphisms within the PPT or in the 50 bp upstream of this sequence. 
gagifW 
A consensus sequence of 57RE7 elements encodes Gag and Pol on a single open reading 
frame, which is presumably translated as a single polyprotein. Within Gag-Pol are the 
invariant amino acid residues and conserved motifs found in most Tyl-copw class 
retrotransposons (Peterson-Burch and Voytas 2002). These include a zinc finger-like Cys-
Cys-His-Cys motif in the presumed nucleocapsid protein (S7/Œ7 has two), an Asp-Ser-Gly 
motif in the catalytic site of protease, His-His-Cys-Cys and Asp-Asp-35-Glu motifs in IN, 
and several conserved domains within RT. 
The 57/Œ7 gag-po/ coding region is remarkably conserved, ranging between 95 and 99% 
identity, with an average of 98%. Some of these nucleotide changes likely compromise 
S7RE7 function. S7RE7-2 has four, single-base frameshift mutations within gag, whereas 
S7RE7-13 and S/RE7-1 each have a single nonsense mutation. Despite these obvious 
mutations, six short indels have occurred that preserve the reading frame. All but one of 
these indels are located in the first 1700 bp of ORF1, within the Gag and PR coding regions. 
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In addition, we calculated the proportion of nucleotide changes that preserved the amino acid 
sequence (d/d* ratio). For gag, defined as the coding region from the presumed start codon 
to 25 amino acids upstream of the protease active site, the average ratio among elements 
was 3.90, denoting selective constraint at most sites. Selection for function of pof was 
considerably stronger, with a d/d* ratio of 7.45. 
TTze env-/z&e Gene 
The gfzv-like gene is in the same reading frame as gag-pof, and except for S7RE7-1, it is 
separated from gag-poZ by a single stop codon. Immediately following the stop codon is a 
nucleotide motif (CARYTA) known to facilitate stop codon suppression in tobacco mosaic 
virus (Skuzeski et al. 1991) and several other ssRNA plant viruses (Beier and Grimm 2001). 
Although there are no examples of Pol-Env fusions in retroelements, constructs carrying the 
sequence promoted readthrough of the po/ stop codon m vzvo (Havecker and Voytas 
2003). 
The length polymorphisms in env are primarily the result of eleven, in-frame indels. All 
but one of these are confined to the first 550 and last 300 bp of this 2,080-bp ORF. Of the 
285 polymorphic nucleotide sites, 25% are located within the first 300 bp of the coding 
region. 
To calculate the ratio, the nucleotide sequences were codon-aligned, and the ratio 
was found to average 3.29 between element pairs. Previously, we identified three motifs in 
the conceptual translation of this ORF analogous to structural elements in retroviral envelope 
proteins - a transmembrane domain, a fusion peptide, and a coiled-coil domain (Laten, 
Majumdar, and Gaucher 1998). The putative 19-amino acid fusion peptide is perfectly 
conserved among all eight sequenced elements, and the presumed 32-residue coiled-coil has 
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only two polymorphic positions, neither of which alter the heptad repeat pattern (data not 
shown). The amino terminal transmembrane domain is polymorphic at 16 of 24 residues, yet 
all variations are predicted to be membrane-spanning peptides with strong confidence (data 
not shown). 
TTze WervaZ Befwee» fAe env-/i&e aW fAg j ' 
The most variable region in 57RE7 lies immediately downstream of the g/zv-like gene and 
extends to within 100 bp of the PPT adjacent to the 3' LTR (Figure 5). Variation is primarily 
in the form of a complex pattern of sequence duplications ranging from simple trinucleotide 
repeats to imperfect tandem duplications of 100 bp. One shared feature of many of the 
sequence duplications is the presence of PPT-like sequences. Between bases 8176 and 8845, 
each S7RE7 member contains four to six copies of the sequence AGGGGGAG. Another is 
the presence of short duplicadons bordering the indels. 
We analyzed the DNA adjacent to the S7RE7 elements in table 1 along with two 
additional elements that were partially sequenced, S7/Œ/-6 (data not shown) and 7-10. Since 
only S7RE7-4 and 7-8 were full-length copies, target site duplications could only be fully 
evaluated in these two cases. Both are flanked by 5-bp direct repeats: S7RE7-4 by CTCAA 
and S7/Œ7-8 by CACAT. The 5-bp sequences found adjacent to singular LTRs in the cases 
of the other seven members are shown in table 1. There does not appear to be a recognizable 
pattern among these sequences. 
S7RE7-1 is adjacent to the gag-po/ region of a member of the TyJ-gypay-like 
retroelement, diaspora (Yano, Das, Panbehi, Damergis and Laten, unpublished; Genbank 
Accession No. AF095730). When the sequence adjacent to 57RE7-10 was translated and 
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TATAGGGGCATGTCCCTTTGAACAATTGATT-GCTATTGGTCTGTAATATTTGCA TGCATTCTACTTT 
TTTTTGCTTTT-ACTTTTACTAGTTA TTGGTCTGTAATATGTGCACATTAATTTCATGCATTCTACTTT 
TATTTTTGCTTTT-ACTTTTACTAGTTA TTGGTCTGTAATATTTGCACATTAATTTCATGCATTCTACTTT 
TTTTGTTTTT-ACTTTTATTAGATATAGGGGCATGTTCCTTTGAACAATTCATT-GTTATTGGTCTGTACTATTTGCACATTAATTTCATGCATCCTACTTT 
rTTTTGCTTTTTACTCTTACTAGCTATAGGGGCATGTCCCTCTGAACAATTGATTTGCTATTGGTCTGTAATATTTGCACCTTAAGTTCATGCATTCTACTTT 
ATCAGACCTTTATTTTT TTACTGTTACTAGCTATTGGGGCATGTCCCTTTGAACAATGGATT-GCTATTGGTCTGTAATATTTGCACCTTAATTTCATGCATTCTACTTT 
1-1 TGTCAAATTC-TGTG7AAAAA&3G0GA@TAATAG TATTATGCATGATTTTGAGTAGTAGGATACTATGTATGCAATAGTAGTATTATGCAT 
1-2 TGCCAAATTC-TGICTftAGTAGGATATTA TATTATGCATGATTT 
1-4 TGCCAAATTTATGTCTAitflA&fG^MTAATAGTATTATGCTTGCTATTATGCATGATTCTGAGTAGTAGGATACTATGTATG ATGTATG 
1-7 TGCCAAATTTATGTCT&WJUSGGG8&8TAATAGTATTATGCTTGCTATTATGCATGATTTTGAGTAGTAGGATACTATGTATG ATGTATG 
1-8 TGCCAAATTC-T5TCrAJUUUUÎGaOC2U3TAGTAGGATATTA TATTATGCATGATTT 
1-9 TGCCAAATTTA.'C U7»' r »CrSCl?T C •' IATAGTATTATGCTTGCTATTATGCATGATTCTGAGTAGTAGGATACTATGTATG ATGTATG 
1-13 TGTCAAATTC-TGTCTjUUUUVSqSGS&tiTAATGGTATTAA TGGTATTATGCATGATTTTGAGTAGTAGGATACTATGTATGCAATAGTAGTATTATGCATGATTGATACGATGTATG 
1-14 TGCCAAATTC-T 1 rCT V JTAGTAGGATAGGA TATTATGCAIG TAG AT-TATGC AGTAG-ATTATGCAT 
1-1 AATTTATGATITT0A6 TAGTAGGATACGATGTATGCATGATTCATGATTTTQAGGGSQaaTTGTATGTATATGATTTTQAGQQW&OTAGT 
1-2 ATGATTETSâSGySGSSTAGTAG TTATATGATTTTCUIflGCCK&GTAGTAGTTATATGATTTTGWSGGGUMSTAGT 
1-4 GCAGTAGGAAACGATGTATGCATGATTCATGATTTTGASQaGGAG CTGTATGACGTTQMK3<ZStiA<5A 
1-7 GCAGTAGGAAACGATGTATGCATGATTCATGACTTT9AG0GG&AOT TGTAT GAATATGATCTTOAOQG6CA.<3A 
1-6 ATGATTTTO*6Q06GUUITAGTAG TTATATGATTTTGIU36064SAGTAGT 
1-9 GCAGTAGGAAACGATGTATGCATGATTCATGATTTTGA6GG66A0 
1-13 GCAGTAGGATACGATGTATGCATGATTCATGATTTT3*9e80GA9TTGT ATGTAT ATGATTTTGAl3WGQAG% 
1-14 GTAGGAT AT~TATGCATGATTTATGATTTT6AQ06SGA<3TAGT 
1-1 AT CTGATGAT GCTGATAGAAGATG 
1-2 ATTTATACTACTGCTGCTGAT GATGATTGATGTAAGCTACT AAAACTAGTAGCTGATAGAAGATGCCGCAGTGAACTGCTTCACAG 
1-4 CTGCTGCTGCTGATGATGACTGATGATTGATGTAAGjCTACT AGAAGACGCT —Ô| 
1-7 CTGCTGCT GAG-GATGAATGATGTAAGCTACT AGAAGATGCT G 
1-8 ATTTATACTACTGCTGCTGAT GATGATTGATGTAAGCTACT AAAACTAGTAGCTGATAGAAGATGCCGCAGTGAACTGCTTCACAG 
1-9 ACTGCTGCTGCTGATGATGACTGATGATTGATGTAAGCTACT AGAAGATGCT G 
1-13 CTGCTGCTGCTGATGATGACGGATG TCACATGAGATGTCTTGACATCCTGGAAAAGACTAGTAGCTGATAGAAGATGCTGCAGTGAACTGCCTCACAG 
1-14 ATTTATACTGCTQCTGCTGAT GATGATTGATGTAAGCTACTG AAACTAGTAGCTGATAGAAGATGCCT G 
1-1 GCATGGAGJICAG5CGCA5C.™.0AAAGCTGAT0TCACGTGAGATGTCTTGACATCCTGGAAACGAÇTTG 
1-2 CAGTAGGAGCATGGAGaC.VGGCr-asr^GAAAGCTGATGTCACGTGAGATGTCTTGACATCCTGGAAACGAÇTTG 
1-4 pAGTAGGAGCATGAAGJr^âGqec7^i^ATAGCGGATGTCACATGAGATGTCTCGACATCCTGGAAAAGACTAGTAG^'TGATÂGAÂGÂTGAAGCÂGTA^C"ÂTGiAGACaGQq^âgCA! 
1-7 TAGTAAGAGCATGAAGJ)CAÎCCOCAGCAGATAGCGGATGTCACATGAGATGTCTCGACATCCTTGAAAAGACTAGTAGCTGATAGAAGÀÎGCTGCÂGTAÂGCÀTGGÀGÂdâS^i&lAdCA 
1-8 CAGTAGGAGCATGGAGflCfC-COGGSGCAGAAAGCTGATGTCACGTGAGATGTCTTGACATCCTGGAAACGACTTG 
1-9 CAGTAGGAGCATGAAGAC&OG@mrAGCAGATAGCGGATGTCACATGAGATGTCTCGACATCCTGGAAAAGACTAGTAGCTGATAGAAGATGAAGCAGTAAGCATGGAGACA@@@8QWCA 
1-13CAGTAGGAGCATGGAGâ C >V3 XiCT-AGC iGAAAGCTGATGTCACGTGAGATQTCTTGACATCCTGGAAACAACTTG 
1-14CAGTAAGAGCATGGAGJS CAGGGSCtAdC4GAAAGCTGATGTCACGTGAGATGTCTTGACATCCTGGAAAAGACTTGTAG 
1-1 CAACTTGCAGAATTTTGCTGTCGCCCCTACAGATACCGCTGTGCTTGATTACTCTGATA 
1-2 CAACTTGCAGAATTTTGCTGTCGCCACTACAGATACCGCTGTGCTTGATTACTCTGATA 
1-4 &MGCAGÂ^œTGfTOTCÂCGC^GÂ^TCTTGÂCÂTCCTG<^Î^G^TTGfA§aTTAGCAACTTGAAGAATTT CCGCTGTGCTTGATTACTCTGAAA 
1-7 GMGCAGj^GCTGÂTGTCÂCGc'GÂ^TCTC*TT^^TCC*TG^GAAGACTTGfAGÂTTAGCAACTTGAAGAATTT CCGCTGTGCTTGATTACTCTGAAA 
1-9 GAAGCAGAAAGCTGATGTCACGCGAGATGTCTTGACATCCTGGAGAAGACTTGTAGATTAGCAACTTGAAGAATTT CCGCTGTGCTTGATTACTCTGAAA 
1-13 CAACTTGCAGAATTT —CCGCTGTGCTTGATTACTCTGATA 
1-14 — GATGT —CAACTTGCAGAATTTTGCTGTCACCACTACAGATACTGCTGTGCTTGAGTACTCTGATA 
1-1 ATGAAAGTTGCTGATCCC-ACTTGCATAACTGCTCGTACCTGCTCAGGAAGTGTCTAAGTATGTTTTAGAC&AAATTTGCCâÂ&GéQG&AââTfjggjl 
1-2 ATGAAAGTTGCTGATCCC-ACTTGCATAACTGCTCGTACCTGCTCAGGAAGTGTCTAAGTATGTTTTAGACAAAATTTGCCMAûGGGQACsAT^g 
1-7 ATGGAAGTTGCTGATTCC-ACATGCATAACTGCTCGTACCTGCTCAGGAAGTGTCTAAGTATGTTTTAGACAAAATTTCCC'AV.iïGCCI"».;^^ 
1-8 GTGAAAGTTGCTGATCCC-ACTTGCATAACTGCTCGTACCTQCTCAGGAAGTGTCTAAGTATGTTTTAGACAAAATTTGCCMÂSSCK g 
1-9 ATGGAAGTTGCTGATTCC-ACATGCATAACTGCTCGTACCTGCTCAGGAAGTGTCTAAGTATGTTTTAGACAAAATTTGCCAAAââSC^J-I-'Tïs'ÏÏ 
1-13 ATGAAAGTTGCTGATCCC-ACTTGCATAACTGCTCGTACCTGCTCAGGAAGTGTCTAAGTATGTTTTAGACAAAATTTCCf. . . .'4': l v 
1-14 ATGAAAGTTGCTGATTCCCACTTGCATGACTGCTCGTACCTGCTCAGGAAGTGTCTAAGTATGTTTTAGACAAAATTTCCJ* J . jf 
Figure 5. Manually modified CLUSTALW alignment of interval between ORF2 and the 3' 
LTR. The ORF2 stop codon and the 5' end of the LTR are shaded in black. The PPT and 
PPT-like tracts are shaded in gray. Short direct repeats that flank indels are underlined. 
Imperfect long tandem repeat is boxed, with the first repeat in solid lines and the second 
repeat in dashed lines. 
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used to query GenBank using TblastN and BlastP, the gag-pof ORF of retroelement 
sequences from maize (SanMiguel et al. 1996) and from Oryza jafivo (Ohtsubo, 
Kumekawa, and Ohtsubo 1999) were returned, as were several additional closely related 
sequences from lofwayapomcwj (Sato et al. 2001). The DNA that abuts the gag 
region of S7RE7-14 also appears to be a member of a repetitive family. Paralogs of this 
sequence are present upstream of a coumarate:CoA ligase isoenzyme 3 gene (GenBank 
Accession No.AF002257) and a coding region identified as an allergen (GenBank Accession 
No. ABO13289). The sequence is also represented in 38 BAC-end sequences. The DNA 
adjacent to the 3' LTR of 3/RE7-14 is not associated with the upstream sequence in either 
GenBank Accession or in the BAC-ends. However, paralogs of this DNA are present in over 
20 additional BAC-ends. The 230-bp flanking the 5' end of S7RE7-4 is 95% identical to a 
single BAC-end sequence (GenBank Accession No. AZ221409). None of the other flanking 
DNAs contained extended ORFs, nor did BlastN or TblastX database searches generate 
significant hits. 
DISCUSSION 
Despite the fact that retroelements constitute the majority of chromosomal DNA in many 
plants, only three retrotransposon families - 7W and ZW from tobacco, and 7cw77 from rice 
- are known to have members that are transpositionally competent (Grandbastien, Spielmann, 
and Caboche 1989; Hirochika et al. 1996a; Agrawal et al. 2001). Two lines of evidence 
support the hypothesis that 57RE7 may have active members as well. First, the sequence of 
the originally reported S7RE7-1 had no obvious frameshifts or stop codons present within its 
open reading frames. Furthermore, Southern hybridization analysis suggested that most 
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S/RE7 insertions in the genome were structurally similar to S7RE/-1 (Laten and Morris 1993; 
Laten, Majumdar, and Gaucher 1998). Our sequence analysis of additional S//Œ7 insertions 
more accurately reflect characteristics of the S7RE7 population and further support the 
conclusion that this family is highly conserved. In this report we show that the eight 
sequenced 57RE7 insertions share greater than 95% nucleotide identity, and that 57 additional 
S/R&Z sequences from the ends of soybean BAC clones are similarly conserved. Also, 
sequence divergence between the LTRs of given insertions suggests that some S7RE7 
elements inserted into the soybean genome within the last 70,000 years. The level of 
conservation observed for the S7RE7 elements is comparable to that reported for the active 
7W family, where up to 4.75% variability between the genomic copies was observed 
(Casacuberta, Vemhettes, and Grandbastien 1995). The existence of the chimeric member, 
5ZRE7-14, suggests that members of both clades have been active simultaneously to generate 
this recombinant by template switches during reverse transcription. 
Of the sequence diversity observed among S7RE7 family members, most occurs within 
the non-coding regions, namely the LTRs and the spacer region between the env-like ORF 
and the 3' LTR. Particularly evident are tandem sequence duplications in the 5' portion of 
the LTR that result in length polymorphisms ranging from 902 to1,205 bp. In addition, the 
shorter duplications contained multiple candidate binding sites for the Dof zinc finger 
transcription factor just upstream of the putative promoter. Dof proteins regulate a broad 
spectrum of target genes in both monocots and dicots, including those that are auxin-
regulated (Baumann et al. 1999; Kisu et al. 1997), light-responsive (Yanagisawa and Sheen 
1998), and stress-induced (Zhang et al. 1995). Stress conditions and defense elicitors are 
known to induce 7W, 7W, and (Hirochika et al. 19966; Grandbastien et al. 1997; 
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Takeda et al. 1998). Repetition of putative, ex acting sequence motifs in LTRs have been 
noted in four actively transcribed elements — 7W — (Hirochika et al. 
19966; Suoniemi, Narvanto, and Schulman 1996; Grandbastien et al. 1997; Takeda et al. 
1999). In the cases of 7W and 7W, the repeated motifs have been shown experimentally to 
sponsor inducible element expression (Grandbastien et al. 1997; Takeda et al. 1999), and a 
MYB-related transcription factor was shown to interact with and regulate 7W at these motifs 
(Sugimoto, Takeda, and Hirochika 2000). In barley, a MYB transcription factor interacts 
with the Dof transcription factor, BPBF, to regulate endosperm-specific genes (Diaz et al. 
2002). Interestingly, the S7/Œ7 LTRs contain two potential MYB-binding sites just upstream 
of the AAAG-dense region (Figure 4). As of yet, there is no evidence that S7RE7 RNA is 
induced by these types of stimuli. 
The region between the env-like ORF and the 3'LTR varies in length from 496 to 636 
bp. The sequence duplications in this region are unusual but not unprecedented among 
retroelements. The Gra/wW family from maize contains two arrays of tandem repeats 
between /W and the 3' LTR (Martinez-Izquierdo, Garcia-Martinez, and Vicient 1997), and 
numerous PPT-like sequences characterize the large non-coding region following the em/-like 
ORF of the Arabidopsis Af&z/a elements (Wright and Voytas 2002). The best explanation for 
the gain and loss of these repeats is replication slippage (Viguera, Canceill, and Ehrlich 
2001). Since strand transfer is a requisite component of retrovirus and retrotransposon 
replication, some replication slippage by RT at internal regions is quite plausible. Re­
initiation at nearby similar or duplicated sequences upstream or downstream could be 
expected, generating the kind of duplications and subsequent deletions that pervade retroviral 
genomes (Temin 1993). The presence of tandem triplet repeats and direct repeats of 4 to 7 bp 
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flanking several of the gaps (Figure 5) is consistent with this explanation. In fact, long direct 
repeats in retroviral DNAs are deleted at high frequency (Rhode, Emerman, and Temin 
1987). 
With the exception of S7RE7-2, sequence variation within gag-pof and the gmv-like gene 
seems to preserve coding information, as all duplications and deletions maintain the open 
reading frame. For example, the variable N-termini of the ew-like ORFs among the eight 
elements contain Ave different indels, all of which preserve the reading frame. In addition, 
the high ratio of synonymous to non-synonymous changes among the S7/Œ7 genes further 
indicates that the elements are evolving under purifying selection. In our study, the ratio 
for po/ averages 7.45, whereas the ratios for gag and the e/iv-like gene average 3.90 and 3.29, 
respectively. Interestingly, in the predicted ENV-like protein, amino acid substitutions still 
preserved structural features of the protein. For example, the predicted N-terminal 
transmembrane domain was preserved in all S7/Œ7 proteins analyzed despite the relatively 
high number of non-synonymous substitutions in this region. The functional constraint 
placed on the S/RE/ ewv-like gene contrasts with what has been found in mammalian 
retroviral envelope genes, where adaptive selection results in high levels of variation to avoid 
the immune response (Nielsen and Yang 1998; Yamaguchi-Kabata and Gojobori 2000). 
The flanking DNAs of ten S7RE7 insertions were sequenced and two belong to identified 
plant members of the Ty3-g%pay family. Of the remaining eight, one is flanked on either 
side by members of two different repetitive families, and one is an apparent paralog of a 
single BAC-end sequence. The identities of the rest are unknown. These results are 
suggestive of clustering and/or nesting of some high copy-number retroelements in G. max, 
similar to what has been reported for other plant genomes (Bennetzen 2000). 
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Gfyci/zg max has been under cultivation for approximately 10,000 years (Hymowitz 
and Newell 1981) and was derived from wild ancestral G/ycme ao/a. Both species contain 
SIRE/ elements, indicating that this family was present long before soybean domestication. 
However, the high degree of similarity among S/RE7 sequences suggests that this family may 
still be proliferating in the soybean genome. 
The presence of env-like ORFs in 57RE7 and some Ty3/gypyy retroelements has 
raised speculation that these elements may be retroviruses. The functional role, if any, of an 
envelope protein for viral propagation in a plant host is unknown, and cell walls preclude 
membrane fusion as a suitable invasive strategy. But the presence of genes in plant 
viruses is not unusual. All enveloped plant viruses utilize invertebrate vectors in which the 
glycosylated envelope proteins sponsor host cell recognition and membrane fusion 
(VandenHeuvel, Franz, and VanderWilk 2002). ENV has been shown to be dispensable in 
the plant host. When tospoviruses, plant members of the Bunyaviridae, are maintained solely 
by mechanical inoculation of host plants, morphological isolates that lack functional envelope 
proteins can be recovered with point and frameshift mutations in the glycoprotein gene 
(Goldbach and Peters 1996). These isolates are active in the plant host but fail to reinfect the 
native thrips host (Goldbach and Peters 1996; Nagata et al. 2000). 
The presence of a conserved ORF in a multicopy element family that can be identified 
across diverse host plant taxa constitutes strong evidence that it has been and may continue to 
be selectively maintained. While the conceptual polypeptides from the unusual ORFs of 
S/RE7, AfMW, and have been designated as env-like (Laten, Majumdar, and Gaucher 
1998; Vicient, Kalendar, and Schulman 2001; Wright and Voytas 2002), they may embody 
heretofore unknown functions related to maintenance in their plant hosts. Whatever the role 
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of the gMv-like gene, the high levels of sequence conservation observed among S7RE7 
elements offers promise that these elements can be used to understand the function of this 
additional coding sequence. 
SwRp/emgnfary A&zferW 
All sequences have been deposited into the GenBank database as Accession numbers 
AF053008 (.MRE7-1), AY205606 (S/RE7-2), AY205607 (S/RE7-3), AY205608 (S//(E7-4), 
AY205609 (MRE7-7), AY205610 (S/RE7-8), AY205611 (S/RE7-9), AY205612 (S/RE7-13), 
AY205613 (S//tE7-14), AY212109 (MRE7-10), and AY212110 (S/RE7-10). The full S/RE7 
sequence alignment that is summarized in table 1 can be found online at the journal's Web 
site and at http://www.luc.edu/faculty/hlaten/mbe_data. 
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CHAPTER 3. THE SOYBEAN RETROELEMENT MRE7 USES STOP CODON 
SUPPRESSION TO EXPRESS ITS ENVELOPE-LIKE PROTEIN 
A paper published in EMBO report 
Ericka R. Havecker^ and Daniel F. Voytas^ 
ABSTRACT 
The soybean S/RE7 family of Tyl/copia retrotransposons encodes an gmWqpe-like 
gene (env-like). We analysed the DNA sequences of nine 57RE1 insertions and observed that 
the gag/poZ and env-like genes are in the same reading frame and separated by a single UAG 
stop codon. The six nucleotides immediately downstream of the stop codon conform to a 
degenerate nucleotide motif, CARY Y A, which is sufficient to facilitate stop codon 
suppression in tobacco mosaic virus. vivo stop codon suppression assays indicate that 
SZREl sequences confer leakiness to the UAG stop codon at an efficiency of 5%. These data 
suggest that 67RE1 retroelements use translational suppression to express their envelope-like 
protein; this is in contrast with all characterized retroviruses, which express the envelope 
protein from a spliced genomic messenger RNA. 
INTRODUCTION 
Retrotransposons are repetitive genomic elements that share a close relationship with 
'Reprinted with permission from Nature Publishing Group, EMBO reporfj (2003) 4:274-277. 
^Primary researcher and author. 
^Professor and corresponding author, Department of Genetics, Development and Cell 
Biology, Iowa State University, Ames, IA 50011. 
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retroviruses. Both retrotransposons and retroviruses express gag and poZ genes, which are 
necessary for replication via an RNA intermediate. One distinction between the two types of 
retroelements is the presence of an envelope (em?) gene after poZ, which enables a retrovirus 
to be infectious. However, some retrotransposons have an open reading frame (ORF) after 
poZ (Eickbush and Malik, 2002; Malik ef aZ., 2000), which is often referred to as an env-like 
gene. The env-like ORF in the gypyy element of DrojopAZZa is known to mediate infection 
(Kim ef aZ., 1994; Song ef aZ., 1994). Two different lineages of retroelements with an ORF 
after poZ have been described in plant genomes: the Af&ZZa group of Ty3/gypjy elements 
characterized first from v4ra6Z(/opjZj (Wright and Voytas, 1998; Wright and Voytas, 2002) 
and the S/RE1 family of Tyl/copZa elements from soybean (Laten ef aZ., 1998). Because the 
cell wall is thought to present a barrier to retroviral infection, the function of the env-like 
ORF in these plant retroelements remains controversial. 
Viral protein expression can be regulated in a number of ways, including splicing, 
frameshifting, and stop codon suppression (Farabaugh, 1996; Gesteland and Atkins, 1996). 
However, in all characterized retroviruses, expression of the env gene is achieved through 
splicing of the genomic RNA (Coffin ef aZ., 1997). Some retrotransposons with the env-like 
ORF use the same method for env expression, illustrating another similarity between these 
elements and characterized retroviruses. For example, the gypsy elements and &4GK2, an 
Af&ZZa homologue from barley, make a spliced env-like mRNA (Avedisov and Ilyin, 1994; 
Pelisson ef aZ., 1994; Vicient ef aZ., 2001). The Af&ZZa elements from Arabwfopji? all have 
predicted splice acceptors at the beginning of their env-like genes, suggesting that, like 
&4GF2, their env-like genes are translated from a spliced product (Wright and Voytas, 2002). 
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S7RE1 and its homologues are the only known Tyl/copia elements with an env-like 
ORF after pof (Kapitonov and Jurka, 1999; Laten ef a/., 1998; Peterson-Burch ef a/., 2000). 
In this study, we characterized multiple S/ÂE1 insertions and found that the env-like ORF is 
separated from pof by a single stop codon. We also showed that expression of the S7RE1 env-
like ORF can result from stop codon suppression. Interestingly, this type of regulation is 
very similar to another known example of stop codon suppression in tobacco mosaic virus 
(TMV) and could potentially yield similar ratios of Gag to Env as are generated by the 
splicing of retroviral messenger RNAs. 
RESULTS AND DISCUSSION 
The 57RE1 family is estimated to be present between 500 and 800 copies in the 
soybean genome (Laten and Morris, 1993). The first such element reported, S//Œ1-1, has a 
stop codon 24 nucleotides after the pof termination codon, and this was presumed to begin the 
env-like ORF (Laten ef a/., 1998). We sequenced several additional members of the 57RE1 
family and found that in contrast to S7RE1-1, all have gag/poZ and env-like ORFs separated 
from one another by a single UAG stop codon (Figure 1A). In addition, we observed that all 
had the hexanucleotides CAAUUA, CAGCUA, or CAACUA directly after the stop codon 
UAG, giving a consensus of CARYUA (where R represents purines and Y represents 
pyrimidines; Figure IB). These hexanucleotides conform to nucleotide contexts previously 
shown to facilitate stop codon suppression. For example in yeast, the degenerate sequence 
CA(A/G)N(U/C/G)A (where N is any nucleotide) was found to promote greater than 5% 
readthrough when located downstream of a UAG stop (Namy ef a/., 2001). Skuzeski ef a/. 
(1991), using in vzvo assays to study stop codon suppression in tobacco mosaic virus (TMV), 
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gctg pol | env 
PR IN RT 
SIRE1-1,1-2, 1-8 GAU UUA UAG CAA UUA 
SIRE1-4, 1-7, 1-9 GAA UUA UAG CAA CUA 
SIRE1-3, 1-13, 1-14 GAA UUA UAG CAG CUA 
TMV consensus m — m UAG CAR YYA 
yeast consensus ™ — UAG CAR NBA 
Figure 1. Organization of S/RE/ open reading frames. A) gog and pof are in one open 
reading frame (ORF) separated from the enveZope-like (env-like) gene by a single stop 
codon. Boxed arrows represent the long terminal repeats. B) The three S/RE1 sequence 
variations after the UAG stop codon conform to the CARY Y A consensus of tobacco mosaic 
virus (TMV; Skuzeski ef a/., 1991) and the CARNBA consensus sufficient for stop codon 
suppression in yeast (Namy ef a/., 2001) (R, purines; Y, pyrimidines; N, any nucleotide; B 
represents U, C or G). The numbers after S/RE1 define dinstinct insertions. PR, protease; 
IN, integrase; RT, reverse transcriptase. 
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showed that the presence of the degenerate nucleotide motif CAR YYA immediately after 
any stop codon was sufficient for stop codon suppression to occur. In fact, several plant 
viruses, not only TMV, use the CARY Y A motif to allow translational readthrough of stop 
codons (Beier and Grimm, 2001; Harrell ef aZ., 2002). As the three S//Œ1 sequence variants 
all conformed to the TMV CARY Y A motif as well as the C A( A/G)N (U/C/G) A sequence 
found in the yeast study, this suggested that the expression of the Env-like protein of S7RE1 is 
regulated by stop codon suppression. 
To test the S/RE1 translational readthrough hypothesis, we employed a stop codon 
suppression assay similar to the one used by Skuzeski gf aZ. (1991). In this assay, a (3-
glucuronidase (GUS) reporter gene was placed in-frame and downstream of a UAG stop 
codon that was surrounded by different S7RE1 nucleotide contexts. The three S/RE1 
sequence variants all conferred leakiness to the stop codon UAG (Figure 2A). In addition, 
although the S/RE1 hexanucleotide sequence CAGCUA conforms to the CARYYA 
consensus sequence, it was not specifically tested by Skuzeski gf aZ. (1991). Our test of the 
CAGCUA sequence further supports the suggestion that the CARYYA motif is able to 
mediate translational readthrough. In our experiments and in agreement with estimations for 
TMV (Skuzeski gf aZ., 1991), the levels of translation through the stop codon averaged 5% of 
a GUS control lacking the stop codon. 
To test the effect of mutations on the 57RE1 sequences, select changes were made to 
the nucleotides either upstream or downstream of the UAG stop. As found for TMV 
(Skuzeski gf aZ., 1991), mutations made before the S7RE1 stop codon reduced the readthrough 
efficiency, as shown by lower levels of GUS expression. GUS expression in the mutants, 
however, was still significantly greater than the negative controls (Figure 2B). One 
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A) SIREN, 1-2,1-8 
GAA UUA UAG CAA UW 
SIRE1-3,1-13,1-14 
GAA UUA UAG CAGCU 
SIRE1-4,1-7,1-9 
GAA UUAUAGCAACU-" 
GAA UUA UAG UAG 
0 0.2 0.4 0.6 0,8 1 1.2 1.4 
B) 
GAA UUA UAG CAA UUA 
OA UUA UAG CAA UUA 
GAA CAA UAG CAA UUA I 
GAAÇUG UAG CAA UUA 
GAA UUA UAG UAG 
0 0.2 0. 0,6 0.8 
C) 
UAG CAA UUA 
UAGCAACGA 
UAG GAA CUA 
UAG CAA CUÇ 
UAG UAG 
NO DNA 
0 0.2 0.4 0.6 0.2 
1 1.2 
1 1.2 
Figure 2. Translational readthrough of S/REl. For these experiments, levels of readthrough 
are relative to the initial readthrough level of CAAUUA S/RE1 variant. UAG stop codons 
are in bold. Mutations in the S/REl sequences are underlined. Error bars represent one 
standard deviation above and below the average. A) The three S7RE1 sequence variations 
result in the same level of readthrough, averaging 5% of the normal activity of a fi-
glucuronidase reporter gene (data not shown). B) Readthrough levels of clones with 
mutations in sequences upstream of the stop codon. C) Readthrough levels of clones with 
mutations in the CARYYA consensus. R, any purine. Y, any pyrimidine. 
of the mutations made changed the S7RE1 UUA codon immediately 5' of the stop to 
CAA. This mutation mimics the TMV sequence (CAAUAGCAAUUA) and conferred 
slightly lower levels of readthrough than the S7RE1 wild type sequence 
(UUAUAGCAAUUA). These data further indicate that the level of readthrough in SZRE1 
compares well with that of TMV. 
For mutations after the UAG stop, we changed three of the four bases that are 
conserved in the SZREl CARYUA consensus - the first cytosine and the second and sixth 
adenines. Although wild-type SZREl sequences still allowed readthrough, mutations 
deviating from the 57RE1 CARYUA consensus reduced expression to the level of the 
negative controls (Figure 2C). In addition, one of the mutations to the S7RE1 consensus, 
CAACGA, still conformed to the yeast degenerate readthrough sequence 
CA(A/G)N(U/C/G)A. However, we did not detect significant GUS activity in tobacco 
protoplasts for this stop codon context. This result may represent a difference between the 
translational suppression apparatus in yeast and plants. 
The nucleotide sequences we tested may not be the only signal that affects the 
leakiness of the stop codon between poZ and env in the native S/RE1 retroelement. Another 
example of a stop codon suppression signal, which is not immediately adjacent to the stop 
codon, occurs in murine lukemia virus. In this retrovirus, a pseudoknot structure after the 
stop codon separating gag and poZ facilitates receding of the stop codon by a suppressor 
tRNA (Honigman ef a/., 1991; Wills ef a/., 1991). For barley yellow dwarf virus, an RNA 
plant virus, a sequence that lies 700 base pairs downstream of the stop codon is required for 
suppression of the coat protein stop codon (Brown ef aZ., 1996). However, our data clearly 
indicate that the CARYYA motif is a critical element for S/RE1 stop codon suppression. 
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All viral readthrough products that have been studied are either polymerase proteins 
or a coat protein extensions (Beier and Grimm, 2001). The Env-like protein does not show 
similarity to other polymerases, and because it follows reverse transcriptase it cannot be a 
coat protein extension. Reverse transcriptase extensions have not been previously observed. 
One other possibility is that the S7RE1 Env-like protein functions analogously to the 
Env protein in mammalian retroviruses - in viral infecdon. Assuming that the nucleotides 
tested represent all the nucleotides influencing stop codon suppression, we would predict that 
for approximately 5% of the times that a S7RE1 mRNA is translated, a very large (around 250 
kDa) Gag-Pol-Env fusion protein would be produced. If the Env-like protein is used for 
infection, it would most likely be cleaved from the Gag-Pol-Env polyprotein by an element-
encoded or host-encoded protease to release a functional protein. In mammalian retroviruses 
such as simian immunodeficiency virus and human immunodeficiency virus 1, Gag to Env 
ratios have been estimated anywhere from 6:1 to 60:1 in various infective strains (Chertova gf 
a/., 2002 and references therein). A 5% readthrough level of the S7RE1 stop codon 
corresponds to a 20:1 Gag to Env-like protein ratio, which is consistent with the ratios seen in 
other characterized retroviruses. If the Env-like protein does mediate infection, stop codon 
suppression would be a novel means to regulate production of this retroelement protein. 
MATERIALS AND METHODS 
57RE7 jggwgMCgj 
Sequences for the 57RE1 elements have the following GENBANK accession 
numbers: MRE1-1 (AF053008), MRE1-2 (AY205606), MRE1-3(AY205607), S/KE1-
4(AY205608), MRE1-7(AY205609), S/RE1-8(AY205610), S/RE1-9(AY205611), M&E1-
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13(AY205612), S7RE1-14(AY205613). A detailed analysis of these 57RE1 sequences will 
appear elsewhere (H. Laten, E. Havecker, L. Farmer, E. Lin and D. Voytas, unpublished 
data). 
DMA conjfrwcfj 
All DNA constructs for stop codon suppression used a cauliflower mosaic virus 35S 
promoter fused to the GUS coding sequence (pDW919). PGR mutagenesis was used to 
incorporate the SWE1 stop codon and flanking nucleotides into the GUS coding sequence. 
The forward primer for PGR was 5'-
T A A A GGGGCGC AGTCCCTTATGNNNNNNUAGNNNNNNTTACGTCCrGTAGAAAC 
CCCAACC -3', which contains a Mzrl site at the 5' end. The positions where nucleotides 
varied in the constructs made are shown by Ns. The start codon (ATG) for GUS and the 
S7RE1 stop codon (UAG) are in bold. The sequence used for the reverse primer (5'-
TACGTACACTTTTCCCGGCAATAAC-3 ') corresponds to the region in the GUS coding 
sequence after a Bc/I site. After amplification, PGR products were digested with Mori and 
Bc/I and cloned into the same sites in pDW919. All constructs were sequenced to confirm 
the presence of the nucleotide changes. 
RecwA/zrowg/i amzys 
For transient assays, Mcofzawz cv. SRI protoplasts were isolated from sterile 
leaf tissue (Van den Elzen ef a/., 1985) in K3 media (Kao and Michayluk, 1975) with 0.4 M 
sucrose. The protoplasts were collected in Babcock bottles by centrifugation at 500 r.p.m. for 
10 min. After two washes in this media, the protoplasts were resuspended in K3 media with 
0.4 M glucose (K3/G1). Protoplasts were electroporated with approximately 70 /zg of 
plasmid DNA at 437 Vcm ' and 1200 //F. For electroporation, the K3/G1 media was 
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supplemented with 2 M KC1 to provide a 20 ms pulse using a Bio-Rad Gene Puiser II 
electroporator. Transiently transformed protoplasts were diluted five-fold in K3/G1 media 
and incubated at 30°C for 24 hours. GUS activity assays were carried out to measure 
expression of the GUS reporter gene using the substrate MUG (4-Methylumbelliferyl-B-D-
glucuronide) (Sigma) (Jefferson, 1987). The total protein content was determined for each 
sample (Bradford, 1976). Multiple MUG readings for each sample were averaged and 
normalized to total protein. Within each experiment, tested samples were reported as a 
percentage of the wild-type S7RE1 sample (containing the sequence CAAUUA after the stop 
codon). Each experiment was repeated three dmes, relative levels of readthrough were 
averaged and standard deviations determined. 
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CHAPTER 4. CHARACTERIZATION OF THE SIREVIRUSES: A PLANT 
SPECIFIC LINEAGE OF TY1/COPM RETROTRANSPOSONS AND THEIR 
CONSERVED INTERACTION WITH A FAMILY OF HOST CELL PROTEINS 
RELATED TO THE DYNEIN LIGHT CHAIN LC8 
A manuscript to be submitted to 77# PAz/zf Ce// 
Ericka R. Havecker', Xiang Gao^ and Daniel F. Voytas^ 
ABSTRACT 
The genomic organization of LTR retrotransposons can vary greatly. We analyzed a 
plant-specific group of Tyl/copwz retrotransposons named the Sire viruses, which has 
acquired additional coding information in the form of an env-like ORF and an extended gag 
gene. Two-hybrid screens revealed that the Gag extension from multiple Sireviruses interacts 
with a family of proteins related to the dynein light chain LC8. Amino acid motifs were 
identified in both Gag and LC8 that are responsible for the interaction. LC8 in animals 
functions as a versatile adapter in the dynein microtubule motor that binds and transports 
many unrelated cellular proteins and viruses. We speculate that the Sirevirus Gag extension, 
through its interaction with members of the LC8 protein family, is important for the 
movement of retrotransposon virus-like particles throughout the cell. 
'Primary researcher and author. 
^Postdoctoral research associate responsible for carrying out the Sirevirus BLAST search, 
alignment and building the phylogenetic tree. 
^Professor and corresponding author. Department of Genetics, Development and Cell 
Biology, Iowa State University, Ames, IA 50011. 
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INTRODUCTION 
Retroelements (including retrotransposons and retroviruses) are well known 
inhabitants of almost all eukaryotic genomes. Retroelements differ from DNA transposons in 
that they amplify through reverse transcription. Long Terminal Repeat (LTR) 
retrotransposons, a specific type of retroelement, are identified by direct sequence repeats 
flanking a central coding region that includes gag and genes. The Gag proteins are 
mainly responsible for forming the virus-like particle (VLP). Pol is a collective term for 
three different enzymatic proteins, Protease, Integrase and Reverse Transcriptase, which are 
all necessary for the processes of reverse transcription or integration to occur. The life cycle 
of LTR retrotransposons consists of both nuclear and cytoplasmic stages. Retroelements in 
the genome are transcribed to mRNA, which is then exported to the cytoplasm. In the 
cytoplasm, the mRNA is translated into proteins as well as packaged within the VLP, so that 
a cDNA copy of the element is created by reverse transcription. The cDNA is then imported 
back into the nucleus to be integrated into the host's DNA. Retroviruses generally undergo 
the same basic steps as retrotransposons with the exception that they have an extracellular 
phase. An additional gene of retroviruses, e/zWope (e/zv), allows the retroviral particle to 
infect another cell. 
Retrotransposons are some of the most successful biological parasites known, and the 
relationship with their host can be described as complex and highly evolved (Voytas and 
Boeke, 2002). In fact, retrotransposons require the host for many of the life cycle steps; some 
examples include a host tRNA that is needed to prime reverse transcription (Voytas and 
Boeke, 1993), transcription factors and transcriptional machinery that are needed for mRNA 
synthesis, translation apparatus for protein production, etc. In cerevmag, a 
model organism for retrotransposon biology, many genes are known to either affect or be 
required for LTR retrotransposon transposition (Levin, 2002; Sandmeyer et al., 2002; Voytas 
and Boeke, 2002). Screens using the powerful yeast gene deletion collection, identified 
approximately 2% of the yeast genes (involved in many cellular processes) to be involved in 
Tyl transposition (Griffith et al., 2003). The exact nature how these genes affect the 
retroelement life cycle has yet to be determined. 
The increase in available DNA sequence data has revealed great variability in the 
canonical retrotransposon genomic structure (Havecker et al., 2004). This variability most 
often takes the form of either a lack of protein coding genes (non-autonomous elements, for 
example) or the addition of coding information (extraneous genes). The reason for changes 
in the genomic structure of retrotransposons is often also unknown, although it might be 
supposed that specific hosts may either require extra retroelement proteins for transposition to 
occur or that extra genes provide an advantage for the retroelements that have acquired them. 
One of the most frequent additions in coding information to retrotransposons is the gfzv-like 
gene. A few unrelated LTR retrotransposon families from various species have been shown 
to carry an extra open reading frame (ORF) in the same position and with similar 
characteristics to the e/zv gene of retroviruses (Malik et al., 2000; Eickbush and Malik, 2002). 
One example is the Af/w&z elements of Aro6z&)pjw f/za/zwza, and their homologues in related 
plant species (Wright and Voytas, 1998; Vicient et al., 2001; Wright and Voytas, 2002). The 
most well studied group of e/zv-containing retrotransposons is the Drosophila Errantiviruses 
(such as gypsy or ZAM). (Leblanc et al., 2000; Pelisson et al., 2002). For the gypyy 
retrotransposon, the e/zv gene has been implicated in the infection of Drosophila oocytes 
(Kim et al., 1994; Song et al., 1994). Besides the emv-like ORF, there exists other examples 
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of coding information acquisition. The ZW element from maize has seemingly transduced 
part of an ATPase gene, although this is not believed to be a true retroelement protein 
(Bureau et al., 1994; Jin and Bennetzen, 1994). Some plant retroelements have been shown 
to carry multiple anti-sense ORFs after po/ (Martinez-Izquierdo et al., 1997; Ohtsubo et al., 
1999). However, no function has been experimentally determined for the retrotransposon 
gnv-like ORFs (except gypsy) or for other additional coding regions. 
The Sireviruses are a recently named (Boeke et al., 2004) group of plant 
retrotransposons that carry additional coding information. This group of Tyl/cqpûz 
retrotransposons, named for the founding member, SIRE1 from soybean, also includes the 
previously characterized retrotransposons Endovirl-1 from Arabidopsis, Opie-2 and Prem-2 
from maize, and ToRTL from tomato (SanMiguel et al., 1996; Laten et al., 1998; Kapitonov 
and Jurka, 1999; Peterson-Burch et al., 2000; Peterson-Burch and Voytas, 2002). Two 
striking features are present in the Sireviruses: they too have an mv-like ORF within their 
genome and also encode a significantly larger Gag protein (up to three times the size of 
classical Tyl/copâz Gag proteins) (Peterson-Burch and Voytas, 2002). No known functions 
for either of these coding additions has been determined. 
Here we report one potential function for the additional information encoded by the 
gag gene of the Sireviruses. We have identified a conserved interaction between Sirevirus 
Gag proteins and different members of light chain 8 (LC8) protein family (also known as PIN 
or dynein light chain 1). LC8 proteins are highly conserved in all eukaryotic organisms and 
LC8 is a known component of the dynein microtubule motor, a complex of proteins that 
moves cargo toward the minus end of microtubules (King, 2000). In various organisms, one 
function of LC8 is to bind cargo (cellular proteins and viruses) for movement along the 
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microtubule (King, 2003). We speculate that the additional coding information in the 
Sireviruses allows them to proliferate in plant hosts and predict that the Gag-LC8 interaction 
is important for the movement of retrotransposon VLPs. 
MATERIALS AND METHODS 
SYreWrwj jggwerzcg wzafyjij 
The Opie-2 (U68408) reverse transcriptase amino acid sequence was used as a probe 
against the tBLASTn non-redundant database of Genbank (November, 2002). 372 reverse 
transcriptase amino acid sequences were retrieved with expectation value less than le *\ A 
multiple sequence alignment was generated by Clustal X (Higgins and Sharp, 1988) using the 
retrieved sequences and RTs from known elements Endovirl-1 (AB026651), S7RE7-4 
(AY205608), Opie-2 (U68408), PREM-2 (U41000), ToRTL (U68072). A neighbor-joining 
tree (Saitou and Nei, 1987) was constructed using MEGA2 (http://www.megasoftware.net). 
Cbfzjg/zjwj jggwgfzce.? 
Using reverse transcriptase sequences identified with the initial tBLASTn search, 
individual full length Sirevirus elements were retrieved from within various BACs manually 
or with the software package RetroMap (Peterson-Burch et al., 2004). Representative 
elements include the maize Sirevirus Hopie (AC116033), sorghum Sirevirus (AF503433), 
medicago Sirevirus (AC122723 and AC130810), citrus Sirevirus (AF506028). The S//Œ1 
family has been described as being highly homogeneous, and so the 57RE1-4 element was 
chosen as a representative for this group (Laten et al., 2003). Consensus sequences were 
generated for other full-length elements. Because coding regions such as gag and poZ are 
more likely to be conserved than non-coding regions such as the LTRs, we were unable to 
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build a complete consensus sequences (including LTRs) for some elements. Also, for some 
nucleotide positions in coding regions, it was impossible to obtain a consensus nucleotide. In 
these cases, a consensus structure was generated by one of three methods: (1) a nucleotide 
consensus was made using any available EST sequences, (2) a protein consensus was made if 
the ambiguous nucleotide fell into the wobble base, or (3) it was determined whether the 
genomic structure was preserved for the cases of the ambiguous nucleotide. In all cases, a 
genomic structure (the presence or absence of a continuous open reading frame) could be 
discerned. Open reading frames were predicted using DNA strider (Douglas, 1994). 
Consensus elements for Rice 1 Sirevirus, Rice 2 Sirevirus, and Lotus 2 will be available at 
http://www.public.iastate.edu/-voytas/MSsupplementary/Gag_LC8. 
A/Kz/ysir of gag arwf amino acwf jaywefzcgj 
Sirevirus Gag lengths were estimated by averaging the length of either representative 
or consensus sequences for each of the genomic structures outlined in Figure 1. The Gag 
lengths from classical Tyl/copia retrotransposons were previously reported; an average was 
generated from 27 diverse Tyl/cqpia elements (Peterson-Burch and Voytas, 2002). Gag 
protein length was estimated in either of two ways: if a conserved break in frame was 
observed between the putative Gag and Pol proteins, the Gag protein was assumed to be the 
first reading frame; if Gag and Pol were predicted to be encoded in the same reading frame, 
then Gag was arbitrarily estimated to end approximately 20 amino acids upstream of the 
predicted protease active site (Peterson-Burch and Voytas, 2002). 
The Env-like proteins were analyzed with HMMTop to predict transmembrane 
domains (Tusnady and Simon, 1998,2001). Coiled-coil predictions were generated by 
Paircoil (Berger et al., 1995), and a coiled-coil region was considered significant if it had a 
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probability of 0.5 or greater. Leucine zippers or leucine rich repeats were predicted using the 
2ZIP server (Bomberg-Bauer et al., 1998). 
f foj/nwi coMJfrwcfzofw 
Gog. The Hopie Gag extension was cloned from B73 maize genomic DNA with 
primers dvo2657 GAATTCATCACCGATTTAAATGATATAAAAG and dvo2658 
GGATCCCTCAATCTCTTTTAGGTACCCAAAC. The PGR products were digested with 
EcoRI and Bo/nHI (underlined) and ligated into the LexA DNA binding plasmid pBTMl 16 
(Bartel and Fields, 1995). The Rice Gag C-terminus was amplified from Oryza aadva cv. 
japonicus DNA using primers dvo2854 GAATTGGATGATGATTGTGATGATGTTTGC 
and dvo2855 GGATCCCTAAGAATCAAACATGCATGTCTTAGGAGG. The PGR 
product was digested with EcoRI and BomHI and cloned into pBTMl 16 at those positions. 
Three rice and maize Gags were sequenced, and one was chosen for the two-hybrid assays 
based on the presence of complete open reading frames and sequences that most closely 
conformed to a consensus sequence. The S/RE1-4 C-terminus of gag was cloned from a 
previously characterized S7RE1-4 element (AY205608) (Laten et al., 2003). To make the 
67RE1-4 bait, the gag gene was digested with EcoRI and X&ol and treated with Klenow 
(Promega). The insert was cloned into the Smal site of pYZ275, a LexA DNA binding 
plasmid identical to pBTMl 16 with the exception of the 1EC/2 selectable marker instead of 
ZT8/LC6. ZmLC8, GmLC6, ZmLC6 (CN844329) and ZmLC6 (CF627955) were 
obtained from previously constructed yeast two hybrid libraries (Moose and Sisco, 1996) (H. 
Gao & M. Bhattacharya, unpublished). Five of the six LC8/LC6 family cDNAs from 
Arabidopsis were obtained from the Arabidopsis Biological Resource Center 
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(http://www.arabidopsis.org). These included Atlg23220 (AY096447), Atlg52250 
(BT010683), At4g27360 (AY096707), At4gl5930 (BT004785), and At5g20110 
(BT011208). A cDNA clone of At3gl6120 was not available from ABRC, so it was obtained 
using RT-PCR. First strand cDNA synthesis was completed using a polyT primer to amplify 
Col-0 7-day seedling RNA. Gene specific PGR was then completed with the gene specific 
primers dvo3425 GAATTCATGTTGGAAGGGAAAGCGAAGGT and dvo3426 
CTCGAGTAAAGAGTGGCGCCll 1GAAG. The PGR product was cloned into the P-Gem 
T-easy vector (Promega). All cloned cDNAs were amplified from the putative start codon to 
the stop codon with primers containing restriction enzyme sites EcoRI and XAoI. The PGR 
products were then amplified with high fidelity polymerase enzymes according to 
manufacturers recommendations, digested with EcoRI and XAoI, and cloned into the LexA 
DNA binding domain plasmids pBTMl 16 or pYZ275 between EcoRI and For the 
subcellular localization studies, the cDNAs were cloned using EcoRI and XAol into a vector 
containing the 35S promoter, eGFP, a seven amino acid poly-alanine linker followed by a 
multiple cloning site containing EcoRI and and the MPS terminator (pEH375, E. 
Havecker, unpublished). 
PGR mutagenesis for the maize Gag was completed with primers dvo2657 and 
dvo2658 using a low fidelity Taq under standard thermocycling conditions. PGR 
mutagenesis for ZmLC8 was completed using primers dvol 157 
CTATTCGATGATGAAGATACCCCACC and dvol 158 
GCGGGGTTTTTCAGTATCrACGATTC that anneal to the Gal4p activation domain and 
the Adhl terminator, respectively. Our mutagenesis rate for each library was approximately 
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one mutation every 500 bp. Single point mutations were introduced into the various clones 
using overlapping primers. All clones were sequenced to ensure that only the desired 
mutations were present. 
Tea# fwo-AyWd acrggfu 
All two-hybrid assays were performed in the yeast strain L40 (Hollenberg et al., 
1995), which has a H753 gene with upstream LexA operators. The library used to screen 
interacting clones for the Hopie Gag was a juvenile shoot EST library (Moose and Sisco, 
1996) fused to the Gal4p activation domain. Yeast containing the Hopie Gag were 
transformed at 10 fold coverage and plated on media selecting for a two-hybrid interaction: 
synthetic complete (SC)-Trp-Leu-His-Ura plus ImM 3-amino-1,2,4 triazole (3-AT) and 2% 
dextrose. 
The soybean two-hybrid screen was performed with the S7RE1-4 Gag extension fused 
to LexA. The library used for screening was made from poly (A+) RNAs from etiolated 
hypocotyls (H. Gao and M. Bhattacharya, unpublished). The ESTs from this library were 
cloned into the pB42AD plasmid (Clonetech). The activating domain B42p is under the 
control of a galactose promoter. A 10 fold coverage of this library was transformed into 
yeast and colonies were first allowed to grow on non- selective media. Colonies were 
scraped from the plate, titered, and then plated onto selective media (SC)-Trp-Leu-His-Ura 
plus ImM 3-AT media with 2% galactose 1% raffinose at a further 10 fold coverage. 
Plates for all two-hybrid interactions were incubated at 30°C for 3 to 5 days. For the 
two-hybrid screen, colonies able to grow on media lacking histidine indicated a potential two-
hybrid interaction and were propagated for further analyses. For individual two-hybrid 
assays, yeast were grown in 5 ml of selective media and shaken at 30°C for approximately 24 
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hours. Tenfold serial dilutions of the cultures were made from an initial concentration of 
ODgoo 1.0. 10 pil of each dilution was plated onto control plates (SC)-Trp-Leu-Ura or two-
hybrid interaction selective media, and yeast were grown at 30°C for approximately 3 days. 
Equal amounts of yeast were also used for Western blots to ensure protein expression. 
Wfro a&wzy 
To determine whether the maize Sirevirus Gag binds m Wfro to ZmLCS, a plasmid 
expressing Hopie Gag under the T7 promoter was constructed (pEH293). To do this, the 
original Hopie Gag was digested from the LexA DNA binding domain vector with EcoRI and 
and inserted into pCite-2a(+) (Novagen). A coupled transcription-translation reaction in 
rabbit reticulocyte lysate was completed with 20 piCi of [S^] methionine according to 
manufacturer's recommendations (Promega). 
ZmLCS was fused to GST in the pgex4t-l plasmid (Amersham Biosciences) to give 
rise to pEH277. pEH277 was induced for approximately 4 hours in E. co/i with ImM IPTG. 
10 mL of cells were harvested by centrifugation and resuspended in 450 pi Ix PBS (137mM 
NaCl, 2.7mM Kcl, 4.3mM Na2HPQ4,1.4mM KH2P04) and 50 pil 50% glycerol. Cells were 
lysed with 200|ig/ml lysosyme, ImM phenylmethylsulfonyl fluoride, 2mM benzamidine and 
lOmM dithiothreitol and by Bonification at a 60-70 output for approximately 30 pulses in a 
water sonicator. Triton-X was then added to a final concentration of 1% and the cells were 
centrifuged at 12,000 rpm (JA-20 rotor, Beckman) for 10min. GST was then affinity purified 
from 500 pil of the supernatant using 50 ^ 1 of a glutathione agarose bead slurry (Sigma). The 
vzfro translated product from pEH293 was added to the supernatant and agarose beads, and 
these were allowed to incubate at room temperature for 2 hours. Two negative controls were 
completed by adding the radiolabelled translation product to GST alone and to the agarose 
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beads alone. The beads were collected by centrifugation (200xg for 1 min) and washed three 
times with Ave volumes (250pl) of IX PBS. The GST fusion protein was eluted from the 
beads with 20mM reduced glutathione. Glutahione agarose beads were subjected to 
centrifugation one more time (200 x g, 2 min) and 25 pil of the supernatant containing the 
GST fusion protein was added to 25 pil 2X SDS sample buffer. Samples were heated (95°C 
for 10 min) and separated by a 10% SDS-polyacrylamide gel electrophoresis. The gel was 
dried and then exposed to X-ray Aim overnight. 
P&ZMf AC&/ZLC6 jggwencej 
All LC8/ LC6 sequences were obtained from GenBank or the plant genome database 
(www.plantgdb.org) (Dong et al., 2004). The identifiers for each are provided in Figure 6. 
PlantGDB identifiers refer to consensus ESTs that have been generated from multiple ESTs 
present for a given organism. The specific identifiers can be retrieved at the website. All 
amino acid sequences were aligned using Clustal X (Higgins and Sharp, 1988) and the 
neighbor-joining tree was constructed using PAUP (Saitou and Nei, 1987; Swofford, 1991). 
Skbcg/Mw kxxz/fzofiorz 
ZmLC8 was fused to C-terminus of YFP and ZmLC6 (CN844329) was fused to the 
C-terminus of CFP to determine their subcellular localization in plant cells. These constructs, 
driven by the CaMV 35S promoter, were transiently expressed in tobacco protoplasts using a 
modified protocol based on (Sheen, 2002; Locatelli et al., 2003). Briefly, tobacco protoplasts 
were collected according to (Havecker and Voytas, 2003) and resuspended in MMg (0.4M 
mannitol, 15mM MgCI%, 5mM MES, pH 5.7) to a concentration of 3x10* protoplasts/ mL. 
1x10* protoplasts in MMg (-300 piL) were then aliquoted to individual 15 mL tubes. 
Subsequently, 30 pig plasmid DNA (Qiagen Midi Prep) and and 300 pL 40% PEG (40% PEG 
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(Fluka), lOOmM CafNO^);, 0.4M Mannitol) solution were added. Protoplasts were incubated 
at room temperature for 30 min with occasional gentle shaking, diluted with 1:15 (v/v) W5 
(154mM NaCl, 5mM Kcl, 125mM CaClg, 5mM glucose pH 5.8) and centrifuged at 300 rpm 
for 5 min, and collected by centrifugation (600 rpm, 5 min). Transformed protoplasts were 
resuspended in 1.5 mL K3/G1 (Havecker and Voytas, 2003) and incubated in the dark at 
25°C. Confocal images were obtained using a Leica TCS-NT confocal microscope (Leica 
Microsystems, Inc., Exton, PA) at the Iowa State University Confocal Microscopy Facility. 
The RNA from BMS suspension cells and Mol7 10 day old seedlings dissected into 
endosperm, root, and shoot tissues (meristem included) was isolated using PUREscript RNA 
isolation kit (Centra Systems, Inc.). RT-PCR was completed the same as previously 
described (Wright and Voytas, 2002). The gene specific primers for 2™" round PCR were dvo 
2665 CACATTGAGCTCAn 1GTGATC for Hopie (located in the LTR) and dvo 2809 
AGT GCCG ACAT G AAGG AGGAG AT G for ZmLC8. A primer that anneals to an adapter at 
the 3' end of the polyT primer was used as the reverse strand primer for the 2^ round of RT-
PCR. All RT-PCR products were cloned (pGEM Teasy, Promega) and sequenced to ensure 
that they were in fact Hopie and ZmLC8. No RT-PCR products were detected in the absence 
of the reverse transcriptase enzyme. 
RESULTS 
GgMonwc orgomzaZzoM q/V&e jfreWrwjgj 
The Sireviruses were previously reported as a distinct lineage of Tyl/copûz 
retroelements (fjgWovindog) (Peterson-Burch and Voytas, 2002). Because the Sireviruses 
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were unique to plants, they were originally named Agroviruses (Peterson-Burch and Voytas, 
2002). More recently they been designated Sireviruses by the International Committee on 
Virus Taxonomy (Boeke et al., 2004). 
To more fully characterize the Sireviruses, reverse transcriptase sequences (RT) were 
mined from GenBank using the Sirevirus Opie-2 RT sequence as an electronic probe. Using 
a significance cutoff of le **, 372 Tyl/copia RT amino acid sequences from plants were 
retrieved, aligned, and a neighbor-joining phylogenetic tree generated (Figure 1). Two 
striking features were observed. First, the tree revealed two major lineages of plant 
Tyl/copza sequences, which we refer to as the classical Tyl/copia lineage and the Sirevirus 
lineage; each represents about one-half of the retrieved RT sequences (Figure 1). Secondly, a 
striking difference can be seen in the branch lengths between the two clades. In general, 
longer branch lengths characterize the classical Tyl/copwz elements, whereas Sireviruses 
emanate from the tree with shorter branch lengths (Figure 1). 
Because many retrotransposon sequences are degenerate - that is, they have 
accumulated mutations in the form of stop codons and frameshifts that disrupt their ORF 
structure and render them non-functional - individual full-length Sireviruses were identified 
based on the RT sequences retrieved in the initial BLAST search. For species with multiple, 
highly homogenous members, the full-length elements were aligned and a strict consensus 
nucleotide sequence determined (referred to as Ricel, Rice2 and Lotus2). For other Sirevirus 
members, multiple elements were compared to determine their genomic ORF organization 
without making a strict nucleotide consensus. The comparison of these sometimes 
degenerate elements focused on the organization of gag and poZ (frameshift or not) and 
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Figure 1. Phylogenetic tree of the plant Pseudow/vdae (Ty1/cop/a) elements). A tBLASTn 
search using Opie-2 RT as an electronic probe retrieved 372 accessions from GenBank. A 
neighbor-joining phylogenetic tree of these sequences (inset) revealed two major groups. 
The Sirevirus clade contains elements with varied genomic organizations: some members 
contain an eny-like ORF, some members have a break in translation between gag and po/, 
and some have unusually large Gag proteins 
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whether or not an env-like ORF was present. The variation in the genomic organization of 
the Sireviruses can be seen in Figure 1. 
In addition to previously reported Sireviruses, we identified a number of new 
elements with g/zv-like ORFs in both monocots (rice, maize and sorghum) and dicots (lotus, 
medicago and citrus). Not all members of the Sireviruses encode an obvious ew-like ORF. 
Among these are the Opie-2 and Prem-2 elements of maize as well as some members from 
rice. Little amino acid similarity (if any) is present among predicted consensus Env-like 
proteins. Furthermore, the consensus elements generated in this study and the newly 
identified elements reveal great variation in the length of the predicted Env-like proteins 
(from 504 to 1006 amino acids). Based on an analysis of the Endovirl-1, S/REl and ToRTL 
Sirevirus Env sequences, Peterson-Burch and Voytas had noted that some secondary features 
of the Env-like protein are conserved, such as the presence of a transmembrane domain 
(2002). However, the presence of certain structural features, such as transmembrane domains 
or coiled-coil domains, is not consistently predicted in each of the new Env-like ORFs 
(Figure 2). 
In an initial characterization of the Sirevirus elements, it was noted that the Sirevirus 
group has an extended gag gene (Peterson-Burch and Voytas, 2002). The various Gag lengths 
for each of the Sirevirus groups in Figure 1 were estimated by averaging the lengths for all 
elements having a given genomic structure. Figure 2 depicts some of the variation in 
individual gag genes. The gag genes are most conserved in their N-terminal halves, and all 
encode a central CCHC zinc knuckle followed by a predicted coiled coil domain. The gag 
extension includes this coiled coil domain and the sequence downstream of it. The length of 
the Gag extensions is mainly responsible for variations in the lengths of the entire gag genes 
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Figure 2. Cartoon depicting the structural features of the Gag and Env-like proteins 
of individual Sirevirus members. Arrows represent the regions of the Gag extension 
that were cloned and used in two-hybrid screens. The asterick represents those ele­
ments made from a nucleotide consensus. ZK represents CXgCXgHX^C zinc 
knuckle. Numbers represent the estimated lengths of the proteins. 
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(gag lengths range from 548 to 961 amino acids). In addition, some Sirevirus elements have 
a second CCHC zinc knuckle at the Gag C-terminus. There was no correlation between 
presence of the second zinc knuckle and other features, such as the presence of the env-like 
ORF. Finally, and as previously reported, some Sireviruses, which have a shift in reading 
frame between gag and pof, also have a conserved amino acid sequence domain at the very 
C-terminus of gag (Gao et al., 2003). 
TTze gag exfenazon znferacfj wzfA profeznj reZafed fo f/ze dynezn /zg/zf c/zazn^zmz(y 
To understand some biological role for the additional coding information present in 
Sireviruses, we established a model element for study. Ideally, the element should be 
functional and typify the diversity in coding and structural features seen for the Sirevirus 
group. We settled on a maize element we call "Hopie", whose sequence was found in a 
centromeric BAC ZM15C05 (GenBank Accession AC116033) (Nagaki et al., 2003). This 
specific element's gag gene has a likely deleterious frameshift in the N-terminal portion and 
is therefore likely non-functional. However, Hopie has the Gag extension (containing the 
coiled-coil domain and second zinc knuckle), an env-like ORF and a shift in reading frame 
between gag and poZ (Gao et al., 2003) (Figure 3A). Thus, Hopie contains all the unique 
features of Sireviruses so far identified. 
To understand a potential function of the additional information encoded by the 
Sireviruses, a two-hybrid screen was completed using the Hopie Gag extension and env-like 
gene as bait (Figure 3A). Both two-hybrid screens were carried out using an EST library 
made from juvenile shoot ESTs (included the meristem) fused to the Gal4p transcriptional 
activation domain (GAD) (Moose and Sisco, 1996). Growth of yeast on media lacking 
histidine indicated a two-hybrid interaction, and a ten fold coverage of the EST library was 
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Figure 3. Interaction of some Sireviruses with LC8 family members. A) Hopie has all features 
associated with Sireviruses, namely an extended gag gene, a break in reading frame between gag 
and pol, and an eny-like ORF. Primers (represented by arrows) amplify the gag extension, which 
was fused to the LexA DNA binding domain for use In a two-hybrid screen. Boxed arrows repre­
sent long terminal repeats; open rectangles represent coding regions. B) Ten fold serial dilutions of 
yeast cells expressing either the maize or rice Gag extensions as bait and ZmLC8 as the prey, 
along with negative controls. Yeast grown on -Leu-Trp are for selection of the two plasmids and 
serve as a control for cell number. Yeast that grow on media lacking histidine identify two-hybrid 
interactions. C) ZmLCB and the Hopie Gag extension interact in vitro. On the left is a Coomassie-
stained polyacrylamide gel showing purification of GST-LC8. The right autoradiograph shows that 
GST-LC8 pulls down radiolabeled Gag translated in vitro. D) Ten fold serial dilutions of yeast cells 
expressing the S/RE1-4 Gag extension as a bait and GmLC6 as the prey. The plasmid containing 
B42p is under the control of the galactose promoter. Yeast grown on -Leu - Trp serve as a loading 
control. Note: Yeast grown on -Leu - Trp 2% Gal % Raf show a growth defect when both the gag 
and GmLCG are present. Abbreviations: Leu: Leucine; Trp: Tryptophan; His: Histidine; Gal: Galac­
tose; Raf: RafRnose; GAD: Gal4p activating domain; B42AD: B42p activating domain 
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always screened. The env-like two-hybrid experiments involved amplifying a complete env-
like gene from maize B73 DNA and fusing it to the DNA binding domain, LexA. Both a full 
length env-like gene and the C-terminal half of the gene were used as bait in a two-hybrid 
screen. However, no ESTs were identified that interacted with any portion of the Hopie e/iv-
like ORF. 
To carry out the Gag extension two-hybrid assays, primers were designed to the ex­
terminai portion of the Hopie gag gene that includes the coiled coil region and the second 
zinc knuckle (see Figure 2). The Gag bait was amplified from B73 maize genomic DNA and 
fused to the LexA DNA binding domain (Figure 3A). Three Gag extensions were sequenced 
and one was chosen as bait for the two-hybrid screen based on the greatest number of amino 
acids conforming to a consensus sequence. A yeast two-hybrid screen was then performed 
using the same juvenile shoot EST library. Four different ESTs were recovered from the 
screen. However, only one EST retained the interaction when the bait (Gag) and prey (EST) 
reading frames were switched (Figure 3B). This EST sequence was retrieved numerous times 
and encoded a homologue of a dynein light chain gene (known as LC8 (King et al., 1996), 
PIN (Jaffrey and Snyder, 1996) and dynein light chain 1 (Dick et al., 1996)) and is now 
referred to as ZmLC8. To confirm the interaction between ZmLC8 and the maize Gag 
extension, an :n vffro binding assay was conducted. GST- ZmLC8 was purified from E. co# 
and found to pull down a S^-labeled Gag extension that was translated m vzfro. No 
interaction was observed with GST or the agarose beads alone (Figure 3B). 
To assess the universality of the Gag extension binding to the LC8 plant homologues, 
a gag extension from a related rice Sirevirus element was also cloned (referred to as Ricel in 
Figures I and 2). The rice and maize gag extensions used in the assays are 40% similar. A 
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strong two-hybrid interaction occurred between the Sirevirus rice Gag extension and ZmLC8 
(Figure 3C). Because the maize and rice Gag extensions shared obvious sequence similarity, 
we also tested a Gag extension from the previously characterized soybean S7KE1-4 element 
(Laten et al., 2003). The .S7RE1-4 Gag and the Hopie Gag do not share obvious amino acid 
similarity in their Gag extension, but they do share some structural features such as the coiled 
coil region and the second zinc knuckle. However, the .S7RE1-4 Gag extension did not 
interact with ZmLC8 in a directed two-hybrid screen. We then used the soybean 57RE1-4 
element for another yeast two-hybrid screen with a library of soybean ESTs from 2-4 day old 
hypocotyls (H. Gao and M. Bhattacharyya, unpublished). Growth on media lacking histidine 
was again used as selection for interaction, and HIS+ colonies were identified. In this screen 
an LC8 related gene called dynein light chain 6 (LC6) was identified that interacted with the 
S7RE1-4 Gag extension (Figure 3D). Approximately 30% of the His+ colonies contained the 
EST encoding the soybean homologue of LC6 (referred to now as GmLC6). 
c n f i c o Z f & e  m f e r o c f z o »  
Experiments were conducted to characterize regions of the maize Gag extension and 
ZmLC8 responsible for interaction. In initial experiments, portions of the N and C terminus 
of the Hopie Gag extension were deleted, and the region between the coiled-coil domain and 
the CCHC motif was found necessary and sufficient for the interaction (data not shown). To 
further define the Gag interaction domain, a reverse yeast two-hybrid assay was employed 
(Vidal et al., 1996). PCR mutagenesis of the Gag extension was followed by selection of 
yeast that failed to grow on media lacking histidine, thereby identifying candidate Gag 
mutants that no longer could sustain a productive interaction. Two critical residues were 
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identified, G85 and C88 (Figure 4A). The corresponding residues in the rice Gag extension 
were also important for interactions with ZmLC8 (Figure 4A). G85 and C88 are located in a 
region conserved between the maize and rice Gag extensions (Figure 4B). To determine if 
any of the amino acids surrounding G85 and C88 were necessary for the interaction, maize 
Gag extension mutants (D83A, I84R, V86R, T87R, D89A and L90R) were made by site-
directed PGR mutagenesis. The mutant analysis indicated that both V86 and L90 were 
necessary for the Gag/ZmLC8 interaction. Of these two amino acids, L90 is also conserved in 
the rice Gag extension, but V86 has been conservatively replaced by an isoleucine in rice 
Sireviruses. 
To determine which amino acids in ZmLC8 were responsible for the interaction with 
the Hopie Gag extension, a reverse two-hybrid assay was again employed, this time using a 
PGR mutagenized ZmLC8 library. Residues in ZmLC8 found to be important for the 
interaction included F58, S93, Y94 and VI12 (Figure 5A). Also, disruption to the last 3 
amino acids of the C-terminus, either by removal or addition of extra amino acids, resulted in 
a loss of interaction with the Gag extensions (data not shown). 
The crystal structure of human LC8 has been determined (PDB: 1CMI) (Liang et al., 
1999). The threading program, Cn3D, (Hogue, 1997) was used to map the location of the 
amino acids necessary for Gag extension interaction onto the structure of human LC8. This 
was possible because Human LC8 and plant LC8 sequences are approximately 65% similar 
(Figure 4B). S93 and Y94 are not only conserved with animal LC8 sequences (Figure 5B), 
but they also map to the known binding cleft of LC8 (Liang et al., 1999) (Figure 5C). The 
crystal structure shows that VI12 and the C-terminus of the protein are located near the 
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Figure 4. Mutations in glycine and cysteine residues in the maize and rice Sirevirus Gag extension 
abrogate binding to ZmLC8. A) The first panel depicts ten fold serial dilutions of yeast cells express­
ing the WT maize Gag or the G85R or C88R mutants. The second panel depicts cells expressing 
either the WT rice Gag or the G81E or C84E mutants. B) ClustalX alignment of maize and rice 
Sirevirus gag sequences. RiceA is the WT sequence used as the bait for the rice Sirevirus Gag 
extension. RiceCon is the consensus sequence for the Ricel element, whereas RiceB is another 
sequence cloned during our experiments. MaizeA is the WT Hopie sequence used for these experi­
ments, whereas MaizeB is from the sequence present in GenBank for the first-described maize 
Sirevirus element. The LC8 interaction domain Is located between a predicted coiled-coil domain, 
and a CXgCXgHX^C zinc knuckle present in both the maize and rice Gag extensions. C) Hopie 
Gag mutants made by site-directed mutagenesis. All LexA constructs are in yeast with the GAD-
ZmLC8 plasmid as prey. 
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peptide binding cleft, whereas F58 is located away from the binding region. In addition, all 
of these ZmLC8 mutants failed to interact with the rice Gag extension (Figure 5A). 
77# ya/TH/y fAeir mfgrocfio/u wifA Gag 
We have shown that multiple Sirevirus Gag extensions interact with two different 
LC8 family members (ZmLC8 and GmLC6). To further characterize the LC8 gene family, 
LC8 and LC6 sequences were retrieved using the BLAST program from the Plant Genome 
Database (http://www.plantgdb.org) (Dong et al., 2004). This database contains EST 
consensus sequences from a variety of plant species. The plant LC8 and LC6 sequences as 
well as some sequences from other organisms were aligned and a neighbor-joining 
phylogenetic tree was created (Figure 6). The LC8 and LC6 sequences cluster in distinct 
clades (Figure 6). In addition, members of the LC8 family are more closely related, 
especially within animals, than are LC6 family members. Plants harbor clear LC8 
homologues and multiple, divergent LC6 sequences. The LC6 sequences appear to bifurcate 
into two lineages (Figure 6). 
In Arabidopsis, there are six members in the LC8/LC6 gene family: Atlg52250, 
Atlg23220, At3gl6120, At4g 15930, At4g27360 and At5g20110. To our knowledge, nothing 
is known about the function of any of these genes, although they are annotated as being part 
of the "microtubule-based process" (http://www.arabidopsis.org), inferred from their 
structural similarity to other LC8 and LC6 sequences known to associate with the dynein 
microtubule motor. At4g15930 is the clear Arabidopsis LC8 orthologue (Figure 6) and it 
interacts with the Hopie Gag extension in a yeast two hybrid assay (data not shown and 
Figure 7). To differentiate the LC6 paralogues, letter designations have been given to various 
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LexA ZmLC8 + Hopie GAD-Gag 
LexAZmLC8 S93P + Hopie GAD-Gag 
LexA ZmLCB Y94N + Hopie GAD-Gag 
LexA ZmLC8 V112D + Hopie GAD Gag 
LexA ZmLCB + Ricel GAD-Gag 
LexAZmLCG S93P + Rke1 GAD-Gag 
LexAZmLCB Y94N + Ricel GAD-Gag I 
-Leu-Trp -Leu-Trp-His + 1mM 3AT 
B I I 
Figure 5. ZmLC8 mutants that abrogate binding to the Hopie Gag extension. A). Ten fold serial 
dilutions are shown of cells expressing three of the four ZmLC8 mutants: S93P, Y94N and 
V112D. All of the these mutants fail to grow on media lacking histidine when either the maize or 
rice Sirevirus Gag extension is expressed as a Gal4p activation domain (GAD) fusion. B). 
Alignment of some LC8 protein sequences from animals, fungi and plants. Arrows represent 
amino acid positions, which when mutated, abrogate binding of ZmLCB to the Hopie and Ricel 
Gag extensions. C). The amino adds important in binding the maize and rice Gag extensions 
were mapped onto the crystal structure of human LC8 bound to a peptide. LC8 was crystallized 
as a dimer, and the blue and pink domains represent a monomer of that dimer. The green and 
brown residues represent the bound peptide. Yellow amino acids were identified in this study as 
being Important for binding the Gag extension. 
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C.reinhardtii LC6 (U19484) 
• S.cerevisiae SLC1 (U35468) 
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AT (At4g27360) AtLCBC 
94 r - LE tuc02-10-2112486 
LE(AW0352SS) 
— ATMwgwaw 
100 
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OS (BAB9235) 
— ZM ÎUC03-08-1112628 
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. 0,05 changes 
Figure 6. Neighbor-joining phyiogenetic tree of LC8 (represented by bold line branches) and LC6 
sequences (represented by thin line branches) with emphasis placed on those genes found in 
plants. Arrows and labels mark some of the LC8/LC6 sequences discussed in this paper. Num­
bers represent bootstrap values. GenBank or PlantGDB identifiers follow each entry. PlantGDB 
identifiers contain "tuc" and can be retrieved from www.plantgdb.org. For entries found in 
GenBank, the genus initial followed by the species name is given. For plant sequences, hosts 
can be identified by the following abbreviations apply (AT: A f/?a//ana; BV: 8efa vu/ga/Vs; CS: 
C&rus s/nes/s; GA: Gossyp/um anboreum; GM: G/yc/ne max; HV: Hordeum yu/gere LE: 
Lycopers/con escu/enfum; LJ: Lofusyapon/cus; MT: Med/cago (mncafu/a; OS: Ofyza saf/va; SB: 
So/ghum 6/co/o/i SC: Seca/e cema/e; ST: So/anwm k/bemsum; TA: T/rhcum aesOwm; ZM: Zea 
mays) 
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family members (LC6A At5g20110, LC6B Atlg23220, LC6C At4g27360, LC6D 
At3gl6120, and LC6E Atlg52250). 
The Hopie Gag extension interacted with ZmLCS, and the soybean S7RE1-4 Gag 
extension interacted with GmLC6 but not ZmLCS. Thus, we wanted to determine which of 
the Arabidopsis LC6 genes and/or LC8 (AtLCS) would interact with the various Gag 
extensions in yeast two hybrid assays. The cDNAs for all the corresponding genes (AtLC8, 
LC6A-E) were fused to the LexA DNA binding domain and tested for a two-hybrid 
interaction with the Hopie Gag extension (Figure 7A) or the &0Œ1-4 Gag extension (Figure 
7B). The Hopie Gag extension, which had originally been identified as interacting with 
ZmLCS, interacted with AtLCS, but not any of the Arabidopsis LC6 genes (Figure 7A). The 
S7RE1-4 Gag extension was found to initially interact with an LC6 homologue (GmLC6), and 
we did not observe an interaction with AtLCS. However, the S77Œ1-4 Gag extension 
interacted with three of the Ave Arabidopsis LC6 genes (LC6A, LC6B and LC6E) (Figure 
7B). AtLC6C did not interact with the S//Œ1-4 Gag in the yeast two-hybrid assay and 
AtLC6D showed autoactivation in the absence of S7RE1 Gag (Figure 7B), and so no 
conclusion could be drawn as to whether the .S/RE1-4 Gag extension interacts with AtLC6D. 
Figure 6 maps the location of these Arabidopsis, maize and soybean LC8 genes onto the 
LC8/LC6 phylogenetic tree. 
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A. 
LexA-Al_33 
LexA-A*LC:A 
LaxA-AtLCSj 
LexA-AtLCSC 
LexA-AtLC80 
LexA-AtLC6E 
GAD-Hopie gag 
-Lau-Trp 
GAD-Hopie gag 
-Leu-Trp-HI# 
1mM3AT 
GAD only 
-Lau-Trp-HI# 
1mM3AT 
B. 
LexA-AU.C8 
LexA-AtLC6A 
L@xA-AU.C6B 
LexA-AtLC6C 
LexA-AtLC6D 
LexA-AtLC6E 
pB42AD-
S/REW Gag 
-Leu-Trp 
pB42AD-
S/REW Gag 
-Leu-Trp 
+2%Gal 1%Raf 
pB42AD-
S/REf-4 Gag 
-Leu-Trp-His 
+1mM3AT 
+2%Gel 1%Raf 
•3842AL 
-Leu-Trp-His 
+1mM3AT 
+2%Gal 1%Raf 
Figure 7. Interactions between the various Arabidopsis LC8/LC6 proteins and either the Hopie Gag 
extension (A) or the S/REf-4 Gag extension (B). Ten fold serial dilutions were plated on either con­
trol media or media lacking histidine to observe growth indicating a protein-protein interaction. The 
last panels In both A and B serve as negative controls for auto-activation. Cell number controls for 
both the GAD only panel or the pB42AD panel were consistent with the other panels (data not 
shown). 
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DISCUSSION 
Divgrjify m fAa genomic orgonizofzon S'irgvirwjg^ 
The sequencing of various eukaryotic genomes, particularly those of plants, has revealed 
the magnitude to which transposable elements have colonized genomes. Numerous studies 
have documented the number, diversity and distribution of transposable elements within 
genomes (for reviews see (Kumar and Bennetzen, 1999; Feschotte et al., 2002; Deininger et 
al., 2003; Gifford and Tri stem, 2003; Havecker et al., 2004)). However, relatively little 
information is available about direct interactions between the host and the transposable 
element. 
The Sireviruses are not canonical retrotransposons. Phylogenetic analyses indicate 
Sireviruses are Tyl/copia LTR retrotransposons, yet their genomic organization appears 
more similar to the close cousins of the retrotransposons - the retroviruses. Some Sireviruses 
encode an extra ORF after the poZ gene, and it is referred to as an env-like gene, although 
nothing is known about its function. Here we show that (1) many plants harbor the 
Sireviruses and (2) the Sirevirus genomic structure itself can be very variable. Many, but not 
all Sireviruses have env-like ORFs, and they share little amino acid similarity. Nonetheless, 
the Env-like protein probably plays the same role in each of its hosts, as several of its 
secondary structural characteristics appear similar, specifically the presence of coiled-coil 
domains and transmembrane domains. Although we did complete a two-hybrid screen with 
env-like genes for both Hopie and the S7RE1-4, no interacting partners could be found (data 
not shown). Thus, clues as to the function of the Env-like protein still escape us. 
In contrast, a two-hybrid screen with both the Hopie and S/RE1-4 Gag extension revealed 
an interaction with two proteins belonging to the LC8 protein family, ZmLCB and GmLC6, 
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respectively. Peterson-Burch ef a/ reported the Sirevirus Gag extensions in his analysis of the 
(Peterson-Burch and Voytas, 2002). However, no known function for the 
extra coding capacity of the gag gene was proposed. As Figure 1 demonstrates, the extended 
gag gene is broadly found among Sireviruses, even among those that lack the env-like ORF. 
All Gag extensions have a coiled coil domain, whereas the presence of a second zinc knuckle 
and the length of the Gag extension are not uniform. It is possible the Gag extension has 
evolved in the Sireviruses because an interaction with LC8 family members might facilitate 
replication of these mobile elements. The exact nature of why LC8 proteins interact with 
these Gag extensions is still unknown. 
Segwencgj cnfim//ôr Gag/lC# mferacfzon 
A number of proteins are now known to bind LC8 (discussed below) and two LC8 
binding motifs have been characterized. In general, two amino acid motifs allow LC8 
binding: K/R XT QT and GIQ V D R (reviewed in (Wu and King, 2003)). We identified 
four amino acids responsible for the interaction between ZmLC8 and the Hopie Gag: G85, 
186, C88 and L90 (G (I/V) X C X L). The LC8 binding motif of Hopie Gag is also present in 
the rice Sirevirus Gag, but the specific amino acids could not be identified in any of the other 
Sirevirus Gag extensions. Binding to an LC8 family member could occur through other 
related motifs in these other Gag proteins. The sequence motif responsible for binding 
GmLC6 in the S7RE1-4 Gag extension is unknown as well. The G (I/V) X C X L motif is not 
found in the .S7/Œ1-4 Gag extension and may be a reason why the S7RE1-4 Gag extension 
does not bind LC8 in a yeast two hybrid assay. 
Conversely, four ZmLC8 amino acids were identified, which when mutated, abrogated 
the interaction with the Hopie Gag extension. These include F58, VI12, S93 and Y94; the 
latter two were retrieved multiple times in our library screen. Interestingly, the crystal 
structure of human LC8 bound to a peptide revealed that S93 and Y94 abut the peptide in the 
LC8 binding cleft. This suggests that the same or similar binding cleft is present in ZmLC8 
and is important for binding Hopie Gag. The other ZmLC8 amino acids important for 
binding do not contact the peptide directly, based on the human crystal structure, but could 
contact the Gag protein or could be important for the structural conformation of the LC8 
protein. 
TTze profem wwf zfj po&fzMg ro/e m fAe SVrevzrwj Zz/e ryc/e 
The dynein light chains LC8 and LC6 were originally identified in the outer arm of 
rezn/zanifz; flagella and were found associated with the base of the dynein 
complex (King and Patel-King, 1995). These light chains were subsequently identified in 
EST libraries from organisms/tissues that do not contain motile cilia or flagella (King and 
Patel-King, 1995). Soon after, LC8 was shown not only to be part of cytoplasmic dynein (as 
opposed to flagellar dynein) but also essential for embryonic viability in DrosopAzAz 
me&wzogojfgr (Dick et al., 1996; King et al., 1996). Besides being part of the dynein complex 
in eukaryotic organisms, LC8 is also a stoichiometric component of the myosin-Va complex, 
an actin motor, which carries LC8 in its tail domain (Espindola et al., 2000). LC8 is known 
to bind a number of cellular proteins including neuronal Nitric oxide synthetase (nNOS), 
IicBa, Bim, a Bcl-2 family member, the Drosophila swallow protein, a regulator of the 6zcoW 
RNA and p53 Binding protein 1 (for reviews see (King, 2000, 2003; Vallee et al., 2003). 
LC8 has also been implicated in binding various viral proteins, which include the African 
Swine Fever Virus protein p54 (Alonso et al., 2001), two different Lyssavirus (Rabies) P 
proteins (Jacob et al., 2000; Raux et al., 2000) and also the Gag protein of Human Foamy 
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Retrovirus (Petit et al., 2003). In each of these cases, the association of the viruses with LC8 
was proposed to allow the viral particle movement along either the actin skeleton (via 
myosin) or retrograde transport toward the nucleus via LC8 in the dynein microtuble motor. 
For example, in the case of the Gag protein of the Human Foamy Retrovirus, the retroviral 
particles are known to traffic toward the microtubule organizing center (MTOC) and 
ultimately enter the nucleus to complete their lifecycle (Petit et al., 2003). Thus, it is the 
association of Gag with LC8 that is hypothesized to allow the Human Foamy Retrovirus to 
approach the nucleus. 
Evidence for the dynein microtubule motor in flowering plants is controversial at best. 
Only three papers relate molecular evidence for the presence of dynein-like proteins in plants 
(Moscatelli et al., 1995; Moscatelli et al., 1998; Moscatelli et al., 2003). In the experiments 
supporting the presence of dynein-like polypeptides, a synthetic polyclonal antibody was 
generated to the conserved P-loop sequence of known dynein heavy chains (Moscatelli et al., 
1995). This antibody recognized a high molecular weight protein species, and 
immunofluoresence using this antibody in pollen tubes revealed punctate structures 
associated with the membrane (Moscatelli et al., 1995; Moscatelli et al., 1998). Finally 
degenerate PGR recovered P loop-like sequences from Mcofwzfwz fabocwm (Moscatelli et al., 
2003). In contrast, bioinformatic analysis of the Arabidopsis and rice genomes failed to 
identify dynein-like heavy chains as well as any of the proteins in the dynactin complex 
(Lawrence etal., 2001). A BLAST search of a shotgun sequence of rice found evidence for 
some fragments of the dynein heavy chains (King, 2002), but to date, other than LC8 and 
LC6, no dynein-related genes or components of the dynein complex have been cloned or 
annotated in either the rice or Arabidopsis genome sequences. Thus, we assume that 
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flowering plants lack the dynein microtubule motor. However, the high degree of sequence 
similarity of LC8 sequences (89% similarity between the human, Drosophila, Cofnor/wzW#.? 
gfggwzj and C. rem/zan#» orthologues) as well as the observation that LC8 binds unrelated 
cellular proteins leads to the supposition that LC8 and LC6 are ubiquitous proteins found in 
many complexes (King and Patel-King, 1995; King et al., 1996). In this regard, LC8 has 
been described as "molecular glue" (Wang et al., 2004). 
The sequence conservation of LC8 across kingdoms is intriguing. LC8 sequences mined 
from plant genomes show more divergence than in animal kingdoms. Specifically, the N-
terminus of plant LC8 proteins is both variable in length and sequence composition. 
Programs that predict protein subcellular localization signals fail to identify any such motifs 
in the LC8 amino-terminus (data not shown). The similarity between plant and animal LC8 
sequences is approximately 65%, which suggests plant LC8 proteins are components of very 
different protein complexes than their animal counterparts (King, 2003). As stated earlier, 
LC8 is known to bind a number of cellular proteins, but to our knowledge, besides a role in 
the dynein microtubule motor (King and Patel-King, 1995), no other role for LC6 has been 
described. We were interested to know the extent to which plant genomes harbor LC8- and 
LC6-related genes. BLAST searches of the plant genome database (www.plantgdb.org) 
identified a number of plant LC8- and LC6- related sequences, the latter of which were often 
members of gene families exhibiting considerable sequence diversity 
Given that LC8 and LC6 are in the same protein family and that some Sirevirus Gags 
bind proteins belonging to the LC8 family (including LC6), we were curious to know if there 
was any specificity for the binding of Sirevirus Gags to the LC8 or LC6 sequences. In other 
words, do all of the LC8/LC6 proteins bind to a Sirevirus Gag? To answer this question, we 
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conducted two-hybrid assays with the six members of the Arabidopsis LC8 gene family (LC8 
(At4gl5930), LC6A (At5g20110), LC6B (Atlg23220), LC6C (At4g27360), LC6D 
(Atlg52250) and LC6E (At3gl6120)). For the Hopie Gag, which was originally found to 
interact with ZmLC8, binding to AtLC8 was observed, but no binding was observed to any of 
the LC6 proteins. In contrast, the soybean S7RE7-4 Gag extension, which interacted with a 
GmLC6 gene, bound to multiple Arabidopsis LC6 proteins, but not AtLC8. Humans have 
three highly conserved isoforms of LC8, and it is unclear if they can discriminate targets 
(Wilson et al., 2001). Thus, it is possible that LC8 and LC6 proteins can distinguish targets, 
but among LC6 proteins in Arabidopsis, some overlap in binding occurs. 
Why some Sirevirus Gags bind LC8 and others bind LC6 is unknown. It is possible that 
LC8 and LC6 interact in the same complex in plants and that the Sirevirus Gags have evolved 
ways of interacting with this complex through different mediators. One obvious example of 
these two proteins interacting in the same complex is the dynein microtubule motor, but more 
supporting evidence of interaction between LC8 and LC6 in plants comes from a yeast two-
hybrid assay done with the maize ZmLC8 as bait. To understand what cellular proteins bind 
ZmLC8, an initial two-hybrid screen was completed using the same juvenile shoot library. 
Of 18 ESTs recovered, 14 were for an EST encoding a maize LC6 homologue (GenBank 
Accession CN844329) most similar to AtLC6D. Two were for another LC6 EST (GenBank 
Accession CF627955) most similar to AtLC6B, one EST encoded the maize homologue of 
Auxin Response Factor 1 (GenBank Accession AY104269), and one was a false positive. 
Initial subcellular localizations showed that both ZmLC8 and a ZmLC6 (CN844329) were 
located in the cytoplasmic and nuclear compartments of a plant cell (Figure 8A). The VLPs 
of retrotransposons are normally found in the cytoplasm. Finally, EST data had indicated that 
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Figure 8. Overlap of proteins and mRNA expression. A) Subcellular localization of CFP:ZmLC8 
(green) and YFP:ZmLC6 (red) In tobacco protoplasts. Images were taken using a 63X lens with a 
zoom factor of 2. B) 3' RACE of Hopie and ZmLC8 from various tissues: BMS suspension culture 
(B) as well as endosperm (E), root (R) and juvenile shoots (S) of ten day old Mo17 maize seedlings. 
First strand synthesis was completed with a polyT primer and second round PCR was done with a 
gene specific primer and an adapter primer that anneals to the end of the polyT primer. PCR prod­
ucts were sequenced to ensure that they were from Hopie and ZmLC8. -RT: PCR reactions com­
pleted without adding reverse transcriptase enzyme to RNA (negative control). Expected size of 
products: 500 bp for Hopie 3' end and 440 bp for ZmLCB. Some lengths of the size ladder are 
shown. 
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Hopie element was expressed in certain maize tissues (data not shown), and to confirm this, 
RT-PCR reactions were completed with Hopie and with ZmLC8. Overlapping RNA 
expression between ZmLC8 and Hopie was observed for two different maize tissues: root 
and juvenile shoot (Figure 8B). These initial results indicate that there can be spatial and 
temporal overlap of expression between the maize Sirevirus Hopie and ZmLC8. 
The true reason that the Sirevirus Gags bind to members of the LC8 gene family is 
still unclear. It is possible that both LC8 and LC6 associate with other microtubule motor 
complexes, such as kinesin. The kinesin gene family has greatly expanded in plants and 
some kinesin translocate toward the minus-end of microtubules similar to dynein (Reddy and 
Day, 2001; Lee and Liu, 2004). LC8 is known to associate with the tail domain of Myosin-V 
(Espindola et al., 2000) and maybe the Gag proteins hijack LC8 or LC6 to allow the VLP to 
move within the cell using the actin cytoskeleton. It is not known how any retrotransposon 
particles navigate within a cell, although this task must be accomplished, as the cytoplasmic 
VLP needs to reach a nucleus to complete transposition. Recently, it has also been 
demonstrated that LC8 binding of target proteins can induce a conformation change in the 
protein (Nyarko et al., 2004; Wang et al., 2004). Thus, it is also possible that binding of LC8 
or LC6 may change the structure of the Sirevirus Gag proteins such that they can form VLPs. 
Finally, it is possible that LC8/LC6 may bind the Gags for a completely novel reason. Until 
an active Sirevirus element is identified or until the function of the dynein light chains LC8 
and LC6 are unraveled in plants, we can only hypothesize why the Gag-LC8/LC6 interaction 
exists. Overall, the work presented here is a first step in understanding the function of the 
conserved extra coding information in these intriguing retrotransposons. 
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CHAPTER 5. EXPRESSION AND SUBCELLULAR LOCALIZATION OF THE 
DYNEIN LIGHT CHAIN LC8- AND LC6- RELATED GENES OF 
AKABZDOfMS THAUAM4 
A paper to be published in P&z/zf & Ce# PAysWogy 
Ericka R. Havecker', Robert A. Dick^ and Daniel F. Voytas^ 
ABSTRACT 
The dynein light chain genes LC8 and LC6 have been preserved in flowering plants in 
the absence of other members of the dynein microtubule motor. In 
there are six members of the LC8/LC6 gene family. These genes were expressed as GFP 
fusion proteins, and most were localized in both the nucleus and cytoplasm. When the 
promoters of the LC8/LC6 gene family members were fused to ^-glucuronidase, expression 
patterns were observed throughout the plant and at various developmental stages. Most genes 
exhibited distinct expression patterns that partially overlapped with those of other gene 
family members. Our study provides the first characterization of the LC8/LC6 genes in 
plants, which are presumed to function in "microtubule-based processes," but are most likely 
involved in many different functions throughout the plant life cycle. 
'Primary researcher and author. 
^lowa State University undergraduate student who selected transgenic plants and carried out 
staining experiments. 
^Professor and corresponding author. Department of Genetics, Development and Cell 
Biology, Iowa State University, Ames, IA 50011. 
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INTRODUCTION 
The dynein microtubule motor is a complex of proteins involved in moving cargos 
toward the minus-end of microtubule. Dynein motors function in a number of vital cellular 
processes, including the positioning and organization of some organelles such as the Golgi 
apparatus, lysosomes and endosomes. They are also involved in nuclear migration and the 
formation of the mitotic spindles (King, 2000,2003; Liu et al., 2003; Vallee et al., 2003). 
Many proteins involved in intracellular motility, such as actin and tubulin as well as the 
myosin and kinesin cytoskeletal motors, are evolutionarily conserved among eukaryotes. It 
has been observed, however, that flowering plants have lost the genes encoding proteins that 
make up the dynein microtubule motor and the dynactin complex. The exception to this gene 
loss are the light chains LC8 and its highly divergent homologue LC6 (Lawrence et al., 
2001). 
We recently discovered an interaction between plant LC8 and LC6 proteins and the Gag 
protein of some plant retrotransposons (Havecker et al., 2005). Retrotransposons are mobile 
genetic elements that have many characteristics in common with true viruses. The 
retrotransposon Gag proteins, for example, are functionally analogous to viral coat proteins 
(Coffin et al., 1997). LC8 proteins from animals have been observed to bind viral proteins of 
African Swine Fever Virus (Alonso et al., 2001), two different rabies viruses (Jacob et al., 
2000; Raux et al., 2000) and the Gag protein of Human Foamy Retrovirus (Petit et al., 2003). 
Database searches for known LC8-binding motifs in viral proteins identified 17 more 
candidate viruses that might interact with LC8 as a means of transport. Of those 17, nine 
(including one plant virus: yam mosaic potyvirus) were shown to interact with LC8 m vifro 
(Martinez-Moreno et al., 2003). It has been suggested that this binding is to allow 
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intracellular mobility of many viruses (Ploubidou and Way, 2001; Martinez-Moreno et al., 
2003). 
Although the presence of LC8 and LC6 is conserved in flowering plants, the lack of the 
dynein microtubule motor makes it difficult to predict a concrete role for any of the LC8 or 
LC6 family members in flowering plants. In Arabidopsis, there are six genes that make up 
the dynein light chain gene family (Havecker et al., 2005). In an effort to understand 
attributes of this gene family in Arabidopsis, we analyzed the subcellular localization of the 
proteins. In addition, gene expression profiles have been characterized through the use of 
transgenic plants expressing promoter GUS fusions. Results indicate variable subcellular and 
tissue expression profiles for the individual genes. 
MATERIALS AND METHODS 
Arabidopsis LC8 and LC6 sequences are in GenBank with the following identifiers: 
Atlg23220, Atlg52250, At3gl6120, At4gl5930, At4g27360 and At5g20110. The six genes 
were identified using by blast searches using the Arabidopsis LC8 sequence and text searches 
of the annotated Arabidopsis genome with the word "dynein." Retrieved sequences were 
aligned using Clustal X (Higgins and Sharp, 1988), and the alignment was shaded using 
BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). 
S'wAcg/War /oca/fzafzoM 
For subcellular localization studies, all Arabidopsis cDNAs in the LC8 gene family 
were fused to the C-terminus of eGFP, and expression was driven by the Cauliflower Mosaic 
Virus 35S promoter (pEH375, unpublished). Transient expression of the eGFP:LC8 genes 
was measured in Col-0 Arabidopsis suspension cells. Arabidopsis protoplasts were 
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transformed following the general procedure of (Sheen, 2002) with some modifications. 
Briefly, 5 day old Arabidopsis suspension cell clusters were digested (50mL aliquot) for 3.5 
hours at room temperature with gentle shaking (40 rpm) in 0.33% Cellulase RS 0.15% 
macerozyme in artificial sea water (ASW) (311mM NaCl, 18.8mM MgSO^, 6.8mM CaCl^, 
lOmM MES, 6.9mM KC1) containing 0.3M mannitol, pH5.7. Protoplasts were filtered 
through a 40 pim nylon mesh and centrifuged at 400 rpm for 5 min. Protoplasts were 
carefully washed in 10 ml of W5 solution (0.4M mannitol, 70mM CaCl;, 5mM MES, pH5.7) 
and centrifuged at 300 rpm for 5 min. The protoplast pellet was gently resuspended in 2 mL 
MMg (0.4M mannitol, 15mM MgCl;, 5mM MES, pH 5.7) and kept on ice. 100 pil 
protoplasts were incubated with 30 ng DNA in a 1.5 mL eppendorf tube. 0.4mL PEG 
solution (40% (w/v) PEG 4000,0.4M Mannitol, 1.0 M CaCl%) was added and the protoplasts 
were incubated on ice for approximately 20 min with occasional mixing. The PEG-protoplast 
solution was then transferred to a 15mL round bottom centrifuge tube and 5 mL of W5' 
solution (0.4M mannitol, 125mM CaCl;, 5mM KC1,5mM glucose, 1.5 mM MES pH 5.7) was 
added. The protoplasts were centrifuged at 500 rpm for 10 min and the supernatant removed. 
The protoplast pellet was gently resuspended in 1 mL MS media (Murashige minimal 
Organics, 2% sucrose, Img/L Napthaleneacetic acid (NAA), 0.05 mg/L Kinetin) 
supplemented with 0.4M mannitol. The transformed cells were incubated in the dark at 28°C 
for 16-20 hours before imaging. Confocal images were captured using a 60X objective on an 
inverted Nikon Eclipse microscope connected to a Prairie Technologies (Middleton, Wl) 
Scanning Laser Confocal Microscope controlled by Prairie Technologies software. Images 
were analyzed using Metamorph software (Universal Imaging, West Chester, PA). 
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Pro/ncfer-GCCS" pZasfMkf owf frwugg/ifc p/wzf co/wfrwcfzoM 
Promoters of all the LC8 family genes in Arabidopsis were determined using the 
annotated Arabidopsis genome (Initiative, 2000). Primers used to amplify promoters can be 
found in Table 1. High fidelity PCR amplified each promoter and all constructs were 
sequenced to verify that no mutations had been introduced. All promoters were fused with a 
f M site to the ^-glucuronidase (GUS) gene such that the predicted start codon of the LC8 
family genes would be replaced by the ATG of the GUS gene. The GUS gene and JVC# 
terminator were derived from pBI121 (AF485783); the GUS gene was modified to carry an 
artificial intron (D. Voytas, unpublished). All promoter GUS constructs were cloned into an 
Agrobacterium transfer vector containing the hygromycin gene for transgenic selection 
(pDW922; D. Wright & D. Voytas, unpublished). 
Columbia ecotype Arabidopsis transgenic plants were obtained using the floral-dip 
method (Clough and Bent, 1998). Plants resistant to hygromycin-B (Sigma) were transferred 
to soil. At least 10 independent lines were obtained for each of the promoter constructs. 
These plants were all initially stained (lOOmM Tris pH 7.0,0.5mM Na^-EDTA, 0.5 mM 
Ka[Fe(CN)g], ImM 5-bromo-4-chloro-3-indoyl-B-D-glucuronide (X-gluc)) for GUS 
expression (Jefferson et al., 1987), and three to four independent lines per construct were 
chosen for further experimentation based on consistency of staining. GUS expression was 
evaluated in seven day old, fourteen day old as well as more mature plants. Individual 
organs such as flowers, siliques, leaves, roots, stems, etc were all repeatedly stained for GUS 
expression. Tissues observed to have GUS staining were photographed using the aid of 
dissecting microscope. 
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Table 1. Primers used to amplify promoter regions of LC8/LC6 genes 
Gene name Primers: F (Forward primer) R (reverse primer) 
Atlg23220 F (TTAACGTACGATTTCACACCTCGAACrCGAACGAAGCA) 
R(GTTTCrGCAGGACGTAACATCTCTATCACATCACrCGTCTAAGCCCC) 
Allg52550 F(AAATCGTACGAAGAGAGTGGAGTTTAGTAGCATTGTTTG) 
R(GTTTCrGCAGGACGTAACATCrrTCTCTATCTCTCTCTCTCTCAATAAC) 
At4g15930 F (AAACGTACGGGAAAACGATGGTATAACAGTCTGGTA) 
At4g27360 F (AAACGTACGAGTTCTAAAAAAAACrTTTAACTTCAA) 
R (GTTTCTGCAGGACGTAACATCCTTTrAAAAAAATrGAATATGATrATTT) 
At3gl6120 F (AAACGTACGAAATATTTGTTTCAAAATCGTGTTATTACA) 
R(ATTTCTGCAGGACGTAACATCTTTTTACTCAAAGACTCAAAATTTCTATA) 
At5g20110 F (AAACGTACGTAAGGTAGTAGCAAGTAACCACTAAATATT) 
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RESULTS 
P&y/ogeMgfzc awzfyjij 
The six LC8/LC6 gene family members of Arabidopsis are At4g 15930, Atlg23220, 
Atlg52250, At3gl6120, At4g27360 and At5g20110. Phylogenetic analysis groups 
At4g 15930 with the LC8 homologues of plants and animals, while the other five genes are 
more similar to LC6 related genes (Havecker et al., 2005). In the initial description of this 
family, we referred to these genes as LC8 for At4g15930 and LC6A-E [At5g20110 LC6A; 
Atlg23220 LC6B; At4g27360 LC6C; At3gl6120 LC6D; Atlg52250 LC6E] to differentiate 
the five LC6 related genes in Arabidopsis. The amino acid alignment of the six proteins is 
provided in Figure 1. It is apparent from Figure 1 that the highest degree of similarity resides 
within the C-terminal portion of the protein. The N-termini of the LC8/LC6 gene family 
members show differences in their length and composition. 
SwbceZ/wAzr /ocaZzzafwm 
To determine the subcellular compartments in which the various LC8/LC6 proteins 
are localized, a CaMV 35S-driven eGFP (35S:eGFP) was fused to the N-terminus of all the 
Arabidopsis LC8/LC6 cDNAs. The GFP fusions were then transiently expressed in 
Arabidopsis suspension cell protoplasts, and multiple cells were imaged using the 60X 
objective of a confocal microscope. (Figure 2). The subcellular localization of the LC8 and 
LC6 proteins revealed their presence in both the nucleus and cytoplasm, but to varying 
degrees. The Arabidopsis LC8 homologue At4g15930 showed similar levels of GFP in the 
cytoplasm and nucleus. In contrast, LC6A, had a much higher percentage of fluorescence 
within the nucleus, although some fluorescence could also be seen in the cytoplasm. LC6B 
and LC6C were predominantly located in the nucleus, although not to the extent of LC6A. 
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Figure 1. Clustal X alignment of Arabidopsis LC8/LC6 amino acid sequences. Gene 
identifiers are given in the left hand column. The Clustal consensus row marks 
completely conserved amino acids with an asterick (*) and conservative substitutions 
with a colon. Conserved amino acids are also shaded in gray. 
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Figure 2. Subcellular localization of the Arabidopsis LC8 and LC6 proteins fused to eGFP. 
Gene fusions were expressed in Arabidopsis suspension cell protoplasts and imaged with 60X 
confbcal optics. A) 35S:eGFP-LC8, B) 35S:eGFP-LC6A, C) 35S:eGFP-LC6B, D) 35S:eGFP-
LC6C, E) 35S:eGFP-LC6D, F) 35S:eGFP-LC6E. 
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LC6D, similar to LC8, was equally distributed between the cytoplasm and nucleus, and only 
cytoplasmic localization was observed for LC6E. 
Exyrg&MOM of f&g 
In general, LC8 and the LC6 proteins seem to be located in the same subcellular 
compartments, and therefore, we wanted to determine whether their expression patterns 
within the Arabidopsis plant overlapped as well. The promoters for each of the genes was 
fused to the ^-glucuronidase (GUS) gene, and transgenic Arabidopsis Columbia plants 
carrying these constructs were generated. Multiple independent transgenics for each of the 
genes were stained for expression of the GUS gene at various plant stages (7 day and 14 day 
seedlings as well as mature plants). Various organs (flowers, leaves, roots, siliques, stems) 
were also stained to obtain a comprehensive expression profile for each of the genes. 
The promoter-GUS experiments demonstrated a variety of specific patterns of gene 
expression for the LC8/LC6 gene family in Arabidopsis (Refer to Figure 3). For the LC8 
homologue, At4g15930, we observed GUS expression in the meristem of seven day seedlings 
as well as in the vascular tissue of leaves at almost all stages of development. The flower 
buds also consistently showed GUS expression, and dissection of the buds revealed the 
immature anthers to have the GUS expression. Interestingly, both the vascular tissue of the 
stamen and pollen grains showed expression. The root vascular tissue also showed staining, 
and strong GUS expression was also observed at the points where new lateral roots were 
forming and at the root tip. We also observed GUS expression at the junction where the 
mature silique and pedicel abut. 
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LC8 At4g15930 
LC6AAt5g20110 
LC6B At1 g23220 
m 
Figure 3. Gene expression patterns of the Arabidopsis LC8/LC6 genes as mea­
sured by fusing their promoters to the B-glucuronidase (GUS) gene. Blue tissue 
denotes GUS staining. Each LC8/LC6 gene islisted, and the Images underneath 
correspond to that gene. Length measurements are provided for most imates. 
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LC6D At3g16120 
LC6E At1g52250 
BNU 
Figure 3 continued. Gene expression patterns of the Arabidopsis LC8/LC6 genes as mea­
sured by fusing their promoters to the B-glucuronidase (GUS) gnee. Blue tissue denotes 
GUS staining. Each LC8/LC6 gene islisted, and the images underneath correspond to that 
gene. Length measurements are provided for most imates. 
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LC6A (At5g20110) did not show high levels of expression in many tissues. We 
observed expression only in the rosette node of mature plants and in the hypocotyls of seven 
day old seedlings. Flower buds showed expression as well. 
LC6B (Atlg23220) was expressed at different life stages of the plant. Similar to 
At4g15930, the LC6B promoter showed intense staining in the vascular cells of cotyledon 
leaves. True leaves did not show as intense staining in the vasculature, although it was 
present, but the hydothodes of the true leaves were consistently stained. The stems of very 
mature plants expressed LC6B as well the rosette node of mature plants. The flower buds 
also showed GUS expression and closer inspection revealed this to be due to expression in 
the veins of the sepals. Mature flowers also had strong staining at base of the carpel. 
An interesting staining pattern for LC6C (At4g27360) was present in both the cotyledon 
and the emerging leaves. We routinely observed the strongest GUS expression on the 
margins of the Arabidopsis leaves at young stages (7 and 14 days) as well as mature plants. 
The first true leaves to emerge also showed similar expression patterns with their tips having 
the most intense stain. Flower buds of LC6C plants showed expression as well (this was due 
to strong expression in the veins of the sepals). The entire leaves of the mature plants also 
showed GUS expression. 
LC6D (At3gl6120) and LC6E (Atlg52250) are the most similar of any pair of 
Arabidopsis LC8 gene family members and share 84% amino acid similarity. However, their 
expression patterns were very different. LC6D (At3gl6120) showed expression only in the 
leaf tissue of seedling plants. Similar to LC6C, the margins of the leaves showed the most 
intense expression. In fact, leaf margin staining could be seen throughout the life of the 
plant. We also observed LC6D promoter expression in the flower buds and mature flowers of 
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the Arabidopsis plants. Gus expression in the flower buds was also due to expression in the 
veins of the sepals and veins of the pedicel. However, mature anthers could also be found 
that had LC6D expression as well. We noticed the seed coat of these transgenics also stained 
blue. 
The LC6E promoter fused to the GUS reporter consistently showed the strongest GUS 
expression of any of the Arabidopsis LC8/LC6 genes. In multiple independent transgenic 
lines, high level, constitutive expression was found in almost all organs and stages of the 
plant. Throughout the roots, we observed staining that was most intense at the tips and points 
of lateral root formation. The stems of these plants showed strong expression as well as all 
the cells of the true leaves (even the trichomes stained blue). Interestingly, GUS expression 
was not observed in the cotyledon leaves, but the rest of the seedling tissue was positive for 
GUS expression. 
DISCUSSION 
The dynein light chain LC8 is a small yet highly conserved protein found throughout 
eukaryotes (King, 2003). LC8 conservation is greatest among animals, where the similarity 
among LC8 orthologues in human, Drosophila, gZega/u and the alga 
is greater than 90% (King and Patel-King, 1995; King et al., 
1996). LC8 is thought to be highly conserved because it is part of multiple protein 
complexes, not just the dynein microtubule motor (King, 2000). This hypothesis is supported 
by much empirical evidence showing that LC8 is a binding partner of many cellular proteins 
(for a recent list see (Vallee et al., 2003)). Two recent studies exemplify LC8's wide-ranging 
interactions: a proteomics approach identified over 40 brain polypeptides that interact with 
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LC8 (Navarro-Lerida et al., 2004), and the recent Drosophila two-hybrid interaction map 
revealed a similar number of partner for LC8 (Giot et al., 2003). 
Because of the diverse binding partners of LC8, many functions have been proposed 
for this molecule in eukaryotes (reviewed in (King, 2000,2003)). For example, LC8 
facilitates movement of a number of proteins along the microtubules. These include p53 
binding protein 1 (Lo et al., 2005) and swallow, the Drosophila bicoid RNA binding protein 
(Hays and Karess, 2000; Schnorrer et al., 2000). LC8 is also a component of the myosin-V 
actin motor and likely moves bound proteins along actin filaments (Espindola et al., 2000). 
LC8 is also important for nuclear migration and septum positioning in fungi (Liu et al., 2003) 
and for sequestering the proapoptitic protein Bim to the microtubules (Puthalakath et al., 
1999). Recently, the binding of LC8 to some target proteins has been observed to induce 
conformational changes that are important for function of the binding partner (Nyarko et al., 
2004; Wang et al., 2004). In other instances, LC8 binds cellular proteins such as neuronal 
Nitric Oxide Synthetase (Jaffrey and Snyder, 1996) and the migratory transcription factor 
IxBa (Crepieux et al., 1997), although the specific purpose for these interactions is unknown. 
Thus, the many and varied functions of LC8 in protein complexes other than the dynein 
microtubule motor can account for its high degree of conservation. These many functions can 
also explain its presence in flowering plant species in the absence of the dynein microtubule 
motor (Lawrence et al., 2001). 
Arabidopsis harbors six genes belonging to the dynein light chain LC8 protein family 
- one LC8 member and five LC6 family members (LC6A-D). We have previously shown 
that most plants, like Arabidopsis, have multiple distinct LC8/LC6 family members 
(Havecker et al., 2005). Inferred from their sequence similarity to animal LC8 proteins, the 
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Arabidopsis genes are annotated as functioning in microtubule-based processes 
(www.arabidopsis.org; March 2005). To further characterize these genes, a subcellular 
localization study was undertaken. We found that LC8 and LC6A-D are present in both the 
nucleus and cytoplasm of Arabidopsis cells. LC6E, however, could only be observed in the 
cytoplasm. Furthermore, LC8 and LC6A-D varied in their distribution between the nucleus 
and the cytoplasm. LC6A, LC6B, and LC6C consistently showed a greater amount of 
fluorescence in the nucleus rather than in the cytoplasm, although the proteins were present in 
both compartments. LC8 had slightly higher levels in the cytoplasm and LC6D had relatively 
equal levels in the two compartments. The purpose of the differential accumulation in these 
compartments is unknown. If LC8 and LC6 are part of a molecular motor in plants, then they 
would be expected to accumulate in the cytoplasm, as molecular motors are known to be 
cytoplasmic (King et al., 1996; Jacob et al., 2000; Alonso et al., 2001). Dlc-1, a human LC8 
homologue, is also present in the nucleus and cytoplasm (Crepieux et al., 1997). The 
association of LC8 with transcription factors and microtubules would predict this dual 
localization. 
We next wanted to determine the overall expression patterns of this gene family in 
Arabidopsis. The promoters of all six genes were fused to ^-glucuronidase and transgenic 
Arabidopsis Columbia plants were generated. In general, members of the LC8/LC6 gene 
family had overlapping expression patterns. All genes seemed to be expressed in some way 
in the flower buds. Further examination of the buds revealed that staining was often the 
result of GUS expression in both the veins of the sepals and immature anthers. Some mature 
anthers (LC8, LC6D, LC6E) also showed GUS expression as pollen was observed to have 
expression. Because it is unknown what cellular proteins bind the LC8/LC6 proteins in 
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Arabidopsis, the significance of their expression in floral tissue is unknown. However, 
expression in the flower buds or the mature flowers was one tissue that consistently had 
expression of all of the genes. Another type of tissue that often showed GUS stain (but in 
different compartments) was the vascular tissue. The veins of leaf tissue expressed LC8 and 
to a slightly less degree LC6C; the veins of the root tissue also stained in LC8 and LC6E. 
Interestingly, for both LC8 and LC6E, the strongest expression in the roots was seen in the 
root tip of the primary and lateral roots as well as in the sites were new lateral roots would 
form (or were forming). 
Another area of overlapping expression for many of the LC8/LC6 genes was the 
leaves. The cotyledon leaf margins were stained LC6C and LC6D, although mature plant 
leaves stained consistently throughout in LC6C plants (and LC6E). Examples of a few other 
places of overlapping expression occurred at the silique/pedicel junction (LC8, LC6B, 
LC6E), the rosette node (LC6A, LC6B, LC6E). In contrast, only LC6B was specifically 
expressed in the hydothodes, and only LC6E was expressed within the trichomes. The reason 
for certain genes of the family overlapping in specific tissues is unknown, but if these 
proteins act together in a complex in some way, combinations of the proteins could provide a 
level of specificity unable to be created in tissues expressing just one member of the gene 
family. 
It seems to be the general case that in animals, LC8 acts as a versatile adaptor for 
many different cargoes. The observation that LC8 binds many different unrelated proteins 
has given it the nickname, "molecular glue" (Wang et al., 2004). Besides being part of the 
dynein microtubule motor, no other function has been attributed to LC6, and it does not even 
appear to be essential for dynein assembly in CAAzmydbmomzj rem&wdf» (King, 2003). In 
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Arabidopsis, the LC6 genes do not show complete overlap in their expression profiles and 
they could act as adaptor proteins in plants in a similar fashion to LC8. Many organisms 
have multiple copies of the dynein light chain genes (King et al., 1996; Wilson et al., 2001; 
King, 2003). Humans, for instance, have three copies of LC8 (LC8a, LC8b and LC8c) that 
are differentially expressed in various tissues (Naisbitt et al., 2000; Wilson et al., 2001). Our 
data are consistent with the idea that different members of the Arabidopsis LC8/LC6 gene 
family may accomplish target binding specificity to some degree by their subcellular location 
and tissue-specific expression. The functional significance of these data will be realized as 
more Arabidopsis LC8/LC6 target proteins are identified. 
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CHAPTER 6. GENERAL CONCLUSIONS 
GENERAL DISCUSSION 
As more diverse genomes are sequenced, increasing numbers of novel mobile 
elements are being identified. One challenge in retrobiology is to understand how diversity 
in the genomic organization and coding capacity of retroelements reflects the differences in 
their transposition mechanisms and the strategies they use to colonize their hosts. In an effort 
to answer these types of questions, we have used various members of the Sireviruses as our 
model. 
The Sireviruses are members of the fjgWovm&K (Tyl/copia) family of 
retrotransposons (Boeke et al., 2004). They were originally studied because many members 
contain an env-like ORF, making their genomic organization appear more similar to 
infectious vertebrate retroviruses than classical eukaryotic retrotransposons (Laten et al., 
1998; Peterson-Burch et al., 2000). My dissertation began with the quest to understand the 
function of the anv-like ORF in these elements. After a few years of work, no progress was 
made in that area. During this journey, I studied the soybean family (from which the 
"Sireviruses" are named), and it was revealed that these soybean elements were highly 
homogeneous and that an active element is likely to exist (Chapter 2 and (Laten et al., 2003)). 
Many attempts to make a soybean S7RE7 element (and the related Arabidopsis Endovirl-
1 element) transpositionally competent were never realized, and so I then turned my attention 
to looking more globally at features that make the Sireviruses unique. 
Initial bioinformatics analyses of the Sireviruses focused on the three previously 
characterized elements Endovirl-1 from Arabidopsis, S7/Œ7 from soybean and ToRTL from 
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tomato (Peterson-Burch and Voytas, 2002). My work (Chapter 5) revealed that the 
Sireviruses have been very successful in many plant species. As was previously reported for 
S/KE7, the Sireviruses seem to be more homogenous than other plant Tyl/copwz 
retrotransposons, and so hope still exists to identify an active member (see future 
experiments). Another result from the bioinformatics characterization of the Sireviruses was 
the understanding of the extent to which these elements carry additional coding information. 
Retrotransposons are obligate parasites; they need host cell machinery for many steps in their 
replication process. It therefore seemed likely that the additional coding information in the 
Sireviruses might allow these elements to interact with the plant cell and ultimately facilitate 
their replication in some way. To understand what host cell proteins interact with the novel 
Sirevirus proteins, two-hybrid screens were employed. No host proteins were found to 
interact with the Env-like proteins of either the soybean S/RE/ element or the maize Hopie 
element. However, both the and Hopie Gag extensions were shown to interact with 
the protein family dynein light chain LC8. In animals, LC8 can best be described as a 
versatile adapter for many proteins, both cellular and viral (King, 2000; King, 2003). In 
many instances, binding to LC8 is for the purpose of movement along the cytoskeleton, via 
the actin or dynein molecular motors. 
Without an active Sirevirus, we do not know if the Sireviruses hijack the cell's 
cytoskeleton for movement. It is interesting to speculate, however, that the Sireviruses have 
acquired additional coding capacity for this type of activity. On one hand, movement along 
microtubules, may allow the assumed cytoplasmic Sirevirus VLP to reach the nucleus. The 
life cycle of retroelements requires a nuclear phase where integration of their cDNA occurs. 
Another possibility is that VLPs could use the cytoskeleton (via LC8 or LC6) to move 
between cells. Movement between cells is observed for the Drosophila gypjy elements 
(which contain an e»v-like gene), gypsy uses its gnv-like ORF to infect Drosophila oocytes 
after the VLPs have been made in nearby cells (Pelisson et al., 2002; Song et al., 1994). The 
Sireviruses may have similarly developed a stage of in their lifecycle where movement 
(through the use of their extra coding information) between cells is advantageous. Further 
experimentation is required, however, to determine if any of these scenarios are plausible. 
Analysis of the S/RE7 family and the Sireviruses in general revealed translational 
tricks (recoding mechanisms) that these elements use to express their proteins. Because 
multiple proteins are encoded on one mRNA, recoding mechanisms such as frameshifting 
and stop codon suppression are often used to regulate the relative levels of retroelement 
proteins. We uncovered two such mechanisms in the Sireviruses. One mechanism, described 
in chapter 3, is the readthrough of a stop codon in the soybean SIRE1 elements that allows for 
regulated translation of the Env-like protein (Havecker and Voytas, 2003). This type of 
recoding is common among plant viruses, but retroviral genes are usually translated from 
a spliced genomic transcript. Secondly, we identified a potential case of a bypass recoding 
mechanism in some monocot Sireviruses (Appendix; (Gao et al., 2003)). Because gag and 
pof were in different, but non-overlapping reading frames, one hypothesis is that the 
translating ribosome "takes off" from gag and "lands" in the downstream poZ gene. Only one 
other case of bypass is known to occur - in the T4 gene 60 (Herr et al., 2000). Further 
experiments will need to be completed to determine if bypass (or some other mechanism) 
does in fact occur in some of the Sireviruses. 
Finally, studying the Sireviruses has led to many questions regarding the dynein light 
chain gene family in plants. In the course of evolution, plants are believed to have lost the 
136 
dynein microtubule motor (Lawrence et ai., 2001). In animals, the dynein and dynactin 
complex are involved in formation of the microtubule spindle poles, cell division, organizing 
the Golgi apparatus and moving nuclei and vesicles efficiently (King, 2000; King, 2003; 
Vallee et al., 2003). Plants accomplish these functions without dynein, but for what purposes 
have the two light chains LC8 and LC6 been retained in flowering plants? Further study is 
needed to determine what processes these proteins are involved in and how those processes 
could relate to retrotransposition. 
FUTURE EXPERIMENTS 
Future experiments with the Sireviruses would ideally focus on finding a 
transpositionally competent element. In plants, only three functional elements, 7hf7, 
and TW have been identified and cloned. These are all classical type Tyl/copia LTR 
retrotransposons, and because no facile system exists for studying their transposition (as is 
possible with yeast retrotransposons) relatively little is known about their transposition 
mechanisms. The homogeneity of the Sirevirus elements in individual plant species holds 
promise for the identification of one that is able to transpose. 
If a transpositionally competent Sirevirus is identified, future experiments could focus 
on the function of the extra coding information. What happens to transposition when the 
like gene is deleted? Can these elements transpose with a mutated LC8 binding motif? Can 
these elements transpose in LC8 or LC6 mutants? What host genes are required for 
transposition? All of these questions could be answered with an active element. 
Future experiments are also needed to determine some of the functions of the LC8 and 
LC6 proteins in plants. These small proteins are highly conserved among eukaryotes 
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suggesting that they are integral parts of many different complexes. LC8 and LC6 are best 
known for their involvement in the dynein microtubule motor where they move cellular and 
viral cargos throughout the animal cell. One obvious experiment would be to ask if plant 
viruses - masters at moving throughout their host - are deficient in movement in any of the 
LC8/LC6 Arabidopsis mutants. T-DNA knockouts are available for most of the LC8 and 
LC6 genes in Arabidopsis, but initial observations do not reveal any obvious phenotypes for 
individual homozygous recessive mutants. Double and multiple mutants may be needed to 
observe a phenotype. Other brute force experiments could also be completed (two-hybrid 
assays or proteomic approaches) to determine the types of proteins that interact with the LC8 
and LC6 genes in Arabidopsis or other plants. 
Retrotransposons have often been referred to as "junk DNA." However, they have 
evolved such a complex relationship with the host that understanding some facets of 
retrotransposon biology can shed light on many aspects of "normal" biological function. 
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APPENDIX. TRANSLATIONAL RECODING SIGNALS BETWEEN GAG AND fOt 
IN DIVERSE LTR RETROTRANSPOSONS 
A paper published in MVA' 
Xiang Gao^, Ericka R. Havecker^, Pavel V. Baranov^, John F. Atkins^, and Daniel F. Voytas* 
ABSTRACT 
Because of their compact genomes, retroelements (including retrotransposons and 
retroviruses) employ a variety of translational recoding mechanisms to express Gag and Pol. 
To assess the diversity of recoding strategies, we surveyed gag/poZ gene organization among 
retroelements from diverse host species, including elements exhaustively recovered from the 
genome sequences of Caef%?r/%zW;fi? eZega/zj, Drwop/ufa /ngZo/iogaafgr, 
SkAfZoazcc/wzroTMycgj CowWa a/6;cafw, and fAa/;a«a. In contrast to 
retroviruses, which typically encode pol in the -1 frame relative to gag, nearly half of the 
retroelements surveyed encode a single gag-pof open reading frame. This was particularly 
true for the Tyl/cqpwz group retroelements. Most animal Ty3/gy/%sy retroelements, on the 
other hand, encode gag and po/ in separate reading frames, and likely express Pol through a 
^Reprinted with permission of /&VA (2003), 9: 1422-1430. 
^Primary researcher and author 
^Thesis author who identified the non-overlapping reading frames in the Sireviruses group 
^Researcher who provided bioinformatics expertise on slippery sites, Department of Human 
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^Professor, who provided instruction, Department of Human Genetics, University of Utah, 
Salt Lake City, UT 84112 
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+1 or -1 frameshifting. Conserved sequences conforming to slippery sites that specify viral 
ribosomal frameshifting sites were identified among retroelements with /W in the -1 frame. 
None of the plant retroelements encoded po/ in the-1 frame relative to gag; however, two 
closely related TyS/gypjy elements encode pof in the +1 frame. Interestingly, a group of 
plant Tyl/copia retroelements encode po/ either in a +1 frame relative to gag or in two 
nonoverlapping reading frames. These retroelements have a conserved stem-loop at the end 
of gag, and likely express po/ either by a novel means of internal ribosomal entry or by a 
bypass mechanism. 
INTRODUCTION 
Retrotransposons and retroviruses (collectively referred as retroelements) have 
compact genomes ranging from 5-10 kbp. Despite their small size, retroelement genomes 
must produce a variety of gene products required for replication, and this is frequently 
accomplished through sophisticated translational recoding mechanisms. One frequent site for 
translational recoding is the boundary between gag and po/, two genes found in all 
retroelements. gag is the 5'-most gene and encodes structural proteins that form the virus 
(retroviruses) or virus-like (retrotransposons) particle, pof is located 3' of gag, and encodes 
enzymes such as reverse transcriptase, which are required for replication. In most 
retroelements, there is no independent initiation of pof translation; rather, Pol is expressed as 
part of a Gag-Pol polyprotein. The production of Gag-Pol is likely important for packaging 
the Pol products within the particle. Furthermore, the level of Pol relative to Gag is critical 
for retroelement viability because particle assembly requires many more copies of Gag than 
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Pol (Farabaugh, 1996; Jacks, 1990; Shehu-Xhilaga et al., 2001), and therefore Pol is typically 
expressed at the translational level through deviations from standard decoding mechanisms. 
For most retroelements, ribosomal frameshifting is a common strategy employed to 
express Gag-Pol. In the majority of retroviruses such as HIV, /W is in the -1 frame with 
respect to gag and overlaps its 3' end (Jacks et al., 1988). Standard translation results in the 
synthesis of Gag as the predominant protein; however, a proportion of the ribosomes shift to 
the -1 frame at the end of gag to produce Gag-Pol. Ribosomal frameshifting occurs at 
specific mRNA sequences known as frameshifting sites, and frameshifting efficiency is 
modulated by nearby or distant mRNA cza-elements known as stimulatory signals. Some 
retroelements, such as the SaccAwomycej cerevzMae Tyl and Ty3 retrotransposons, utilize 
+1 frameshifting to synthesize Gag-Pol (Belcourt and Farabaugh, 1990; Farabaugh, 1995; 
Farabaugh et al., 1993). In Tyl, the peptidyl-tRNA slips forward one base, and its ability to 
do so is strongly influenced by the availability of cognate aminoacyl tRNA for the A-site 
codon. This tRNA is sparse and corresponds to a hungry codon (Kawakami et al., 1993; 
Pande et al., 1995). 
Stop codon readthrough is a second strategy utilized by retroviruses to synthesize 
Gag-Pol. In these cases, gag and /W are in the same frame and are only separated by a single 
stop codon. Whereas the majority of ribosomes terminate to produce Gag, a small proportion 
of the ribosomes incorporate a standard amino acid in place of the stop codon to produce 
Gag-Pol. In the case of Murine Leukemia Virus, a pseudoknot 3' of the gag stop codon is 
critical for readthrough (Honigman et al., 1991; ten Dam et al., 1990; Wills et al., 1991) such 
that approximately 5% of ribosomes insert an amino acid instead of terminating (Philipson et 
al., 1978; Yoshinaka et al., 1985). 
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In contrast to the cases of frameshifting and readthrough, some retrotransposons 
encode gag and poZ on a single open reading frame (ORF). For these retroelements, both 
post-transcriptional and post-translational mechanisms have been implicated in determining 
the ratio of Gag to Gag-Pol. copia, a retrotransposon from Drowp/zzZa nzeZa/zogajfer, uses 
alternative splicing to remove poZ coding sequences from the mRNA, thereby allowing Gag 
to be synthesized at higher levels than Pol (Brierley and Flavell, 1990). Post-translational 
regulation of Gag and Pol has been suggested for Tfl in ScAzzoazcc/zaromycgj pombe and 
Ty5 in Sacc/zaromyc&y cgrevz^zag. For these elements, Pol is preferentially degraded, thus 
allowing an excess of Gag and the proper stoichiometry for replication (Atwood et al., 1996; 
Irwin and Voytas, 2001; Levin et al., 1993). 
A significant fraction of most eukaryotic genomes is comprised of retroelements. To 
understand how widespread the various recoding mechanisms are utilized for Pol synthesis, 
we surveyed retroelement sequences in the completed genomes of Cag/ior&Wzfzj eZagarw, 
Dro^qp/zzZa rngZanogaafgr, 5". po#z6e, Ca/i^Wa aZ6zca»j and Ara6z&»p^zj f/zaZza/za. Other 
retrotransposons in GenBank were also analyzed. Using this dataset, we describe the 
organization of gag and poZ reading frames and putative recoding signals. We also report the 
discovery of a large lineage of plant retrotransposons where the organization of gag and poZ 
does not allow synthesis of Gag-Pol via any of the above-mentioned recoding mechanisms. 
Apart from the interest in the retroelements pgr jg, the information provided by this study is 
relevant for future studies to determine the prevalence and types of recoding in non-mobile 
cellular genes from diverse organisms. 
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RESULTS AND DISCUSSION 
77# rgfrogkTMg/if dafajgf 
Our retroelement dataset has two components, the first is a group of core retroelements that 
include annotated retroelements from GenBank. To generate the core dataset, heuristic 
searches of GenBank were performed with keywords such as Tyl, Ty3, gyp^y, copia and 
retrotransposon. In addition, GenBank was screened with DNA sequences of several 
elements that represent the Tyl/copia (PjgWoviridag), Ty3/g%pyy (Mefaviridaaj, BEL and 
DIRS groups. Sequences identified by these means were extracted and used to populate a 
retroelement database. 
The second component of the dataset was an expanded group of retroelements 
recovered from the completed genome sequences of C. g/ggaru, D. me/afzogajfgr, & pom6g, 
C. a/6icam, and A. f&a/iafia. These genomes were screened by BLAST, using reverse 
transcriptase (RT) amino acid sequences from each of the four retrotransposon clades 
(Tyl/copia, Ty3/gyp,ry, BEL and DIRS). All BLAST hits were processed by a software 
package developed in our laboratory called TfefroMap. The software compares the sequences 
upstream and downstream of an RT hit to identify flanking repeats, which are considered 
putative LTRs. A hit with putative LTRs is then parsed into the database for further analysis. 
7(gfroAfap identified 478 potentially complete retrotransposons from A. fAa/ia/za, 281 from D. 
/Mgfanogajfgr, 19 from C. g/gga/w, 6 from C. a/6ica/w, and 16 from S. pom6g. 
Most retroelements in eukaryotic genomes are replete with mutations, including 
spurious frameshifts and stop codons that may obscure translational recoding signals. We 
therefore limited our analyses to a subset of recently transposed elements. This was 
accomplished by eliminating from the dataset those elements with less than 98% LTR 
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identity. LTRs are typically identical at the time of insertion, and so elements with low LTR 
identity are more likely to have accumulated mutations. After removal of the degenerate 
elements, the expanded data set contained 162 retroelements from A. fAaZiona, 252 from D. 
15 from C. eZegwzj, 6 from C. aZWcam, and 14 from S. 
To asses the effectiveness of our methods for retroelement identification, we 
compared the number of elements identified using KefroMap with the numbers reported in 
the annotated genome sequences. C. g/gganj was reported to have 20 full length elements 
(Ganko et al. 2001); we found 19 in our original search, 15 of which were retained after 
removal of degenerate elements. In & we identified 16 elements (14 were retained); 
11 elements were reported in the annotated genome sequence (Wood et al. 2002). We 
previously annotated the retrotransposons of S. cerevmoe and identified 51 full-length 
elements (Kim et al. 1998); RetroMap identified 56 candidate elements (data not shown). 
Upon closer examination, the nonannotated retroelements identified by jfefroMzp often had 
internal deletions. In some cases, complex arrangements of flanking repeats caused 
TkfroMap to give false positives or to miss some elements. Although /fefroMzp was quite 
effective in element identification, we recognize that this software tool has its limitations. 
Furthermore, our need to remove degenerate elements may have modestly lowered the 
diversity of sequences in the expanded data set. 
/fefroe/g/MZMf ggf# orgamzaffo/i. 
Open reading frames were identified between the LTRs to characterize the gene 
organization of retroelements in the dataset. Frameshifting or stop codon readthrough 
typically occurs between gag and and so the readily identifiable zinc Anger domain in 
gag and the active site of protease in pof were used to define the boundary of these two 
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genes. Because a single mutation can break a reading frame, multiple, closely related 
elements in the dataset were aligned. Related elements were defined as those sequences with 
near zero distances in RT phylogenetic trees (data not shown). A consensus sequence was 
then constructed to determine the most probable sequence of the ancestral element. Only one 
representative retroelement that most closely matched the consensus sequence was further 
studied. 
ORFs were identified within the retroelements in the dataset, and five different types 
of gag/po/ ORF organization were identified: 1) a single gag-pof ORF; 2) gag and pof 
separated by a stop codon; 3) poZ is in the +1 frame relative to gag; 4) poZ in the -1 frame 
relative to gag; and 5) gag and poZ separated into three or more ORFs. The latter group was 
not considered further, because the multiple ORFs may have resulted from mutation. Figure 
1 shows the phylogenetic relationships of 65 retrotransposons annotated in GenBank and the 
56 new retrotransposons we identified that constitute the expanded dataset The tree was 
constructed using RT amino acid sequences, and the elements fell into clusters according to 
Tyl/copia, Ty3/gypyy, BEL and DIRS group designations rather than according to the host 
species from which they originated. The gene organization was mapped onto the tree for 
each element. 
SmgZe rgfrog/grngMfj. 
One surprising observation was that in contrast to retroviruses, nearly half of the 
retrotransposons identified encode Gag and Pol in a single ORF. This is particularly evident 
for the majority of the plant retrotransposons and most retrotransposons in the Tyl/copia and 
BEL clades. For these elements, the required ratio of Gag to Pol may be achieved post-
translationally through preferential Pol degradation, as has been observed for the Tfl and Ty5 
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Ty3%w»y 
ChrX 14*8354 m. 
Ty1/cop/a 
Kingdom of Origin 
Animalia 
Piantea 
Gag/Pol ORF organization 
single ORF (O) 
stop codon suppression (S) 
-1 frameshift 
+1 frameshift 
Protita unusual frames 
Figure 1. Phylogenetic relationships among retrotransposons and the distribution of 
putative translational regulatory mechanisms. The four major clusters of retrotransposons 
are labeled Tyl/copwz, Ty3/g%pjy, BEL, and DIRS. Retrotransposons in the core dataset are 
labeled with their name at the end of the branches. Retrotransposons in the expanded 
dataset begin with an abbreviation for the host organism: Ath, A. f/wzZwzfwz; Dmel, D. 
rnieZa/iogajfer; Sp, S. po/n6e; Calb, C. oZ6Z(xmj; Cer, C. gZegww. Following the host species 
abbreviation are the chromosome number and nucleotide position for given insertions. 
Branch coloring indicates the gene organization of gag and poZ: green, single ORF 
elements; blue, poZ in the +1 frame; red, poZ in the -1 frame; pink, a stop codon between 
gag and poZ. Shading identifies the kingdom from which the retrotransposons originate. 
The clades labeled A-D are described in Figure 2. 
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yeast retrotransposons (Atwood et al., 1996; Irwin and Voytas, 2001; Levin et al., 1993). It is 
also possible that a posttranscriptional mechanism, such as alternative splicing, is utilized to 
express an excess of Gag - a strategy employed by the Drasop/wZa copia element (Brierley 
and Ravel1,1990). There is still a formal possibility that the single-ORF elements use 
ribosomal frameshifting for Gag-Pol expression; a frameshift event that occurs at the end of 
gag would result in the synthesis of only Gag. Such a frameshift occurs in the EscAenc/wa 
coZ; d/wzX gene to synthesize a shorter form of a DNA polymerase III subunit (Larsen et al., 
1997). We view such a mechanism to be unlikely for the retrotransposons, because the 
efficiency of frameshifting would need to be unusually high to produce excess Gag. 
The possibility that plants lack frameshifting can be discounted because -1 
frameshifting, and, to a lesser extent, +1 frameshifting, is utilized in plant viral gene 
expression (Baranov et al. 2001). An alternative explanation is that our survey was unable to 
identify plant retrotransposons that utilize -1 frameshifting because their sequences were 
highly degenerate. Furthermore, Ara6%&)p.Hj is the only plant genome exhaustively 
surveyed, and we cannot rule out that -1 frameshifting may be utilized by retrotransposons in 
other plants. It should be noted that this study did uncover two related plant Ty3/gypjy 
elements in which poZ is in the +1 frame relative to gag. These elements are discussed in 
greater detail later below. 
gag a/%Z poZ jgparafed &y a Jfop codo/z. 
This form of gag/poZ ORF organization was very rare among the retroelements surveyed. 
Only the Ty3/g%pjy RIRE2 element from rice (Ohtsubo et al. 1999) and the BEL element 
ATa/m&azg from mon have a conserved stop codon between their gag and poZ genes 
(Abe et al. 2001). Sequences surrounding a stop codon influence leakiness, and recent 
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comparative analysis of retroviruses that utilize readthrough for poZ expression identified a 
limited number of different sequence signatures surrounding the leaky stop codon in viruses 
(Beier and Grimm 2001 ; Harrell et al. 2002). Sequences downstream of the stop codon in 
gag of ATamZ&aze (CUAUCU) fall into one of the characterized retroviral groups and are 
similar to sequences used in Sindbis virus, where efficient readthrough has been confirmed 
experimentally (Li and Rice 1993). However, sequences surrounding the stop codon in 
RIRE2 (UGUAAATAGGAAAGC) do not match any known viral readthrough sequence 
motif. Whether or not the AamZ&aze or RIRE2 sequences mediate stop codon readthrough 
will need to be tested experimentally. 
poZ m f/# -7 /ro/%6. 
Retroelements with poZ in the -1 frame relative to gag are limited to Ty3/gypjy and 
DIRS-type elements. Furthermore, none originate from plant hosts, whereas they are 
widespread in the animal kingdom. In fact, in the animal hosts, we found a -1 frameshift is 
the most common form of retroelement gene organization and was present in 28 of 51 animal 
retroelements surveyed; 20 elements had single ORFs, one element has a stop codon between 
gag and poZ, and two have poZ in the +1 frame relative to gag. 
Classical -1 frameshifting involves slippage of two tRNAs on sequences that conform 
to the consensus X XXY YYZ ( Jacks et al. 1988; Weiss et al. 1989; Dinman et al. 1991; 
Brierley et al. 1992). It has been suggested that both tRNAs slip backwards 1 nt from XXY 
to XXX and from YYZ to YYY. tRNAs can be located in the A- and P- (Jacks et al. 1988) or 
the E- and P-sites (Horsfield et al. 1995) of the ribosome, and slippage involves at least two 
steps: dissociation of the tRNAs from the mRNA and reassociation with mRNA in the -1 
frame. Thus, both stability of the initial codon:anticodon duplex and the stability of the final 
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codon: anticodon duplex likely contribute to the overall efficiency of tRNA slippage. 
Consequently, if stability of the initial complex is relatively weak, strong base-pairing in the 
new frame is not required. In addition, -1 frameshifting can be caused by single tRNA 
slippage in the P-site, as has been suggested for CP/12K signal of potato virus M on sequence 
AAAAUGA (Gramstat et al. 1994). 
Comparative analysis of overlapping regions between gag and poZ among the -1 
retrotransposons identified conserved sequence signatures among closely related elements in 
the phylogenetic tree (Figure 1). Codon alignment of the overlapping regions is shown on 
Figure 2 with putative frameshift sites indicated. Most of the sequences conform to classical 
frameshifting cassettes (i.e., XXXYYYZ). Alignments shown in Figure 2 demonstrate 
additional conservation around heptamer frameshift sites. For example, the nucleotide 3' of 
heptamer shifty sequence is conserved in the alignments in Figure 2A,B. This supports the 
recent suggestion that stacking potential between bases of the nucleotide in the wobble 
position and the 3' nucleotide may sometimes contribute to the efficiency of A-site decoding 
(Ayer and Yarns 1986) and consequently frameshifting (Bertrand et al. 2002). 
It should be noted that most of the retroelements with poZ in -1 frame relative to gag 
originate from DrojopAZZa and B. mon. No -1 retroelements were found in C. eZega/zj. This 
might be due to differences in cellular translational machinery in different animal hosts, or 
differences in the types of retroelements that colonize certain hosts. Finally, an equal 
percentage of elements with gag and poZ in a single frame or in -1 or +1 overlapping frames 
were found in fungi, which implies that no specific regulatory strategy confers an advantage 
for retrotransposons in fungal cells. Of course, confidence in conclusions regarding the 
50 
17. 6 297 
Dmei_Chr3 
Dmel Chr3 
ccc AAT A| 
GCC 
GAG 26087113 GAG A| 19682040 ACA • 
GTT GGA GAG |CC 
TCT GSA CTA AAC 
ATC A|T TTT SAC 
. AGO AGG ATG SAT 
ACC A§A GAA GCA 
GCT cm ACG IcT 
CAC TCA 
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Dmel_Chr3_ 37446744 CTA GTG AAT TAC GAT CAT AAA Tq CTG CTA CCG TAC ATA 
Dmel_Chr3_ >1031359 ACC TTG AGA CTG AGG GAG GGG AAC Gq TCT CCA GTG TAC CGT 
yoyo GAA TAC GAA TCC GAT AHA ACG TCC ACG TTA CCA TAC 
Dmel_ChrX_ 12279440 GAA CAA CGA GAC CAC GTG T0G GAA GAj | TCC TCA CTA CCA TAC 
Dmel _Chr2_ 11521627 GCA GGC ACG 
radgl CGA ATA CAA 
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412 ' GTA ATC CAA GAA 
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Figure 2. Codon alignments of retroelements with similar -1 frame cassettes in the overlap 
region between gag and pof. Panels A-D correspond to the four groups of retroelements 
depicted in Figure 1 that have pof in the -1 frame relative to gag. Sequences with greater 
than 75% identity are highlighted. Possible locations for tRNAs during frameshifting are 
marked by AAA (A-site), PPP (P-site), and EEE (E-site). 
151 
propensity for certain forms of frameshifting in certain hosts is limited due to the small 
number of eukaryotic genome sequences available. 
poZ m f&e + 7 ^ ama. 
Only a few retroelements were identified with poZ in the +1 frame relative to gag. 
These elements are distributed evenly throughout the phylogenetic tree and are present in 
animal, plant and fungal hosts. In animals, the only characterized example of +1 
frameshifting occurs in genes encoding antizymes (Matsufuji et al. 1995; Ivanov et al. 2000). 
Two examples of +1 frameshifting have been characterized in fungi, namely Tyl (and its 
homologs, e.g., Ty4) and Ty3 from & cerevmag. For both Tyl and Ty3, +1 ribosomal 
frameshifting has been confirmed and extensively characterized (Farabaugh 1995). Several 
insect elements and one fungal element also have poZ in the +1 frame (i.e., Zam, Tvl, Gr&). 
Although the D. rngZa/wgajfer element 7737 was originally reported to have a +1 frameshift 
(Fourcade-Peronnet et al. 1988; Haoudi et al. 1997), the consensus 7737 element encodes a 
single gag-poZ ORF. For the insect and fungal elements, close homologues were not 
available to compare sequences in the overlapping region to identify putative frameshifting 
sites. The two examples of plant retroelements with poZ in the +1 frame are the only plant 
retroelements described to date in which gag and poZ are in separate reading frames. One of 
the +1 retroelements from Ara6w7opj;\y (AtChr2_44644) shares 97% sequence identity with a 
second AraZ)Z<7op^ element (AtChr2_4188838). The frameshift is located between gag and 
poZ, and there are 310 nt in the overlap region between the reading frames. However, with 
only two closely related elements to compare, the dataset is not sufficient to identify 
conserved sequences that may mediate frameshifting. 
[/»wjwaZ gg«g orgamzafzo»/br f&g OpZe-2/âmzfy q/pZa%f refrofra/upojoMJ. 
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Opie-2 of maize (U68408) is a second example of a plant retroelement withpoZ in the 
+1 frame relative to gag. The annotated Opie-2 sequence has three large ORFs, suggesting 
that it has accumulated mutations, and therefore additional Opie-2 and Opie-2-like 
retrotransposons were retrieved from GenBank. In total, 372 Tyl/copfa group 
retrotransposons were extracted using the Opie-2 reverse transcriptase in BLAST searches. 
Most of these elements are from plant hosts, and the majority (191) are typical or "classic" 
Tyl/cop;a retrotransposons that encode a single gag-poZ ORF (Figure 3A). The remaining 
181 elements include Opie-2 (SanMiguel et al. 1996) and SIRE-1 of soybean (Laten and 
Morris 1993) and members of a proposed genus of Tyl/copwz retrotransposons (referred to as 
Sire viruses; Peterson-Burch and Voytas 2002). The Sireviruses exhibit considerable 
polymorphism with respect to the organization of gag and poZ. A number of Sireviruses from 
monocots and dicots have poZ in the +1 frame, and these elements cluster together in the 
phylogenetic tree (Figure 3A), suggesting that they are derived from a common ancestor. 
Other Sireviruses encode gag and poZ in a single ORF similar to the classic Tyl/copZa 
elements. 
The Sireviruses with poZ in the +1 frame further define two groups. In the Type I 
elements, gag and poZ overlap. The overlap region is 38 nt for Type I elements from 
monocots (e.g., Opie-2) and 90 nt in the dicot elements, gag and poZ do not overlap in the 
Type II elements (e.g., Prem-2). Furthermore, Type II elements that originate from maize 
and rice and have a conserved TAG stop codon in poZ 10 nt downstream from the gag 
termination codon (Figure 3B and 4A). A transition from the gag to poZ reading frame does 
not appear possible by simple +1 frameshifting, unless the TAG stop codon is also read 
through. For those Type I elements in monocots and dicots that do not have the conserved 
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A Classical TyMcopia 
retrotransposons 
(Opi,l-2> 
Sireviruses 
B po7 
Conserved domain 
Type I dicot Sireviruses IM cch^TI 
pr m rt 
Type I monocot Sireviruses W ccHCHj 
pfi iN RT 
Type II monocot Sireviruses in cthtH USB (*Ni stop codon before PR) ^ Il PH IN NT r 
Rgure 3. Unusual organization of gag and poZ among Sireviruses. A) Phylogenetic 
relationships of Tyl/copia retroelements. The top part of the tree depicts classical Tyl/copia 
retrotransposons (Pseudoviruses and Hemiviruses). Based on branch lenghts, Sireviruses are 
more closely related than classical Tyl/copia retroelements, suggesting they recently 
colonized their host genomes. Retrotransposons in shaded areas have a potential frameshift 
between gag and poZ. Host names for Sireviruses are labeled at the ends of branches, and the 
names in parentheses denote annotated retroelements in the core dataset. B) The ORF 
structure of retrotransposons in the shaded regions depicted in A. Only those elements with 
separate gag and poZ reading frames have the conserved sequence motif. Type II elements in 
monocots likely utilize an unusual translation mechanism because a stop codon (asterick) 
exists at the beginning of poZ. A gag zinc finger (CCHC) and the protease active site of poZ 
(PR) flank the conserved nucleotide motif in the frameshift region. (RT) reverse 
transcriptase; (IN) integrase. 
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stop codon in pof, a CAG codon (glutamine) is present at the corresponding position. We 
favor the hypothesis that CAG predated the stop codon, which resulted from a C-to-T 
mutation, because the CAG is found in elements from more diverse hosts and therefore likely 
represents the ancestral state. In addition, because of their high copy number in rice and 
maize, the stop codon in Type II elements does not seem to compromise transposition. 
Because conserved sequence motifs or RNA secondary structure characterize 
recoding sites, we further analyzed the sequences at the gag-poZ boundary of the Agroviruses. 
A conserved sequence motif was found in Type I and Type II elements from both monocots 
and dicots; the single ORF elements did not have this motif (Figure 3B, 4A). The motif 
spans 27 nt, is self-complementary, and likely forms a stem-loop structure (Figure 4B; Walter 
et al. 1994). Moreover, in certain elements, co-variant nucleotides are found that preserve 
self-complementarity. For example, in maize Type I elements, C-G pairing at the top of the 
stem structure is replaced by A-T pairing in maize Type II elements. 
Because in the Type II elements cannot be expressed by standard ribosomal 
frameshifting, it is possible that the stop codon is removed by splicing; however, the splice 
site prediction software packages NetGene2 and SplicePredictor did not identify any 
conserved splice donor or acceptor sites around the frameshift region. A second possible 
expression mechanism is internal ribosome entry. However, no ATG or alternative TTG start 
codons are found in the interval between the conserved stop codon in gag and the protease 
active site in /W; although it is formally possible that another alternative start codon is used. 
A final possibility for recoding is termed "bypass" and has only been observed for 
expression of the bacteriophage T4 gemg 60 (Weiss et al. 1990). In this case, a 50 nucleotide 
mRNA sequence is "skipped" by the translating ribosome (Herr et al. 2000). A bridge of 
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Figure 4. Nucleotide alignment of the frameshift region in Sireviruses. A) The first 31 
columns in the alignment are highly conserved, self-complementary, and predicted to fold 
into a stem-loop structure. For the maize retrotransposons, covariant changes that preserve 
self-complimentary are marked by the arrows. The asterisk indicates the stop codon in gag. 
The diamond indicates the position of the stop codon in poZ. The boxes mark the occurrence 
of the gag and the poZ stop codons. B) The stem-loop structure of the conserved motif. 
RNA secondary structure and a 16 amino acid nascent peptide are required for bypassing to 
occur. Matching GGA codons separated by 50 nt are used as the "take off" and "landing" 
sites for the ribosome. This bypass mechanism may be used by the Opie-like elements, 
enabling the ribosome to bypass both the gag gene and poZ gene stop codons in one "jump". 
However, the signatures required for T4 gewe 60 bypassing are not observed in Opie-like 
retrotransposons. Further investigation will be required to determine how the Opie-2-like 
retroelements express Pol. If expression is carried out by a novel translational mechanism, 
then it will be interesting to determine whether other cellular genes utilize this translational 
mechanism. 
MATERIALS AND METHODS 
Dafc coZZecfZo/%. 
For elements in the core dataset, element length was restricted to between 2 kb and 20 
kb to approximate the length of most retrotransposons. Elements extracted for the core 
dataset were assessed for structural integrity, namely for the presence of protease, integrase, 
and the RT sequence domains. In addition, any elements lacking an LTR were eliminated. 
The core dataset consists of 126 elements. 
To identify other retrotransposons from model organisms, we retrieved 
retrotransposons directly from the genome sequences. Reverse transcriptase amino acid 
sequences from Ty3/gypay, Tyl/copwz, DIRS and BEL group were used as electronic probes 
in BLAST searches against individual model organism genome sequences (Altschul et al. 
1990). The probes included: BEL (U23420) and Pao (L09635) in the BEL group; DIRS-1 
(Ml 1339) and PAT (X60774) in the DIRS group; AfWW-l (AC007209), Cerl (U15406), 
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OfWdo (AJ133521), jwjAz (AF030881), Tfl (L10324), and Ty3 (M23367) in the Ty3/g}pjy 
group; and Artl (Y08010), copia (Ml 1240), Endovirl-1 (AB026651), SIRE-1 (AF053008), 
Tca2 (AF050215), and Ty5 (U19263) in the Tyl/copia group. Full-length retroelements 
were retrieved from the genome sequence by the software package /kfroMap (B.D. Peterson-
Burch and D.F. Voytas, unpubl.). ÂgfroMap reads a BLAST output and identifies potentially 
complete elements by locating two repeated flanking sequences: the putative LTRs. 
RT amino acid sequences were aligned with ClustalX (Higgins and Sharp 1988). 
MEGA2 was used to construct phylogenetic trees by the neighbor-joining distance method 
(Saitou and Nei 1987) and the Poisson correction model (http://www.megasoftware.net). The 
core and expanded datasets can be found respectively at the following websites: 
http://www.public.iastate.edu/~voytas/supplimentary/frameshifting/core and 
http://wWw.public.iastate.edu/~voytas/supplimentary/frameshifting/model_organism. ORF 
finder: (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) was used to characterize reading frame 
organization, and splicing signals were sought using the NetGene2 
(http://www.cbs.dtu.dk/services/NetGene2/) and SplicPredictor software packages 
(http://bioinformatics.iastate.edu/cgi-bin/sp.cgi). 
ACKNOWLEDGEMENTS 
We thank Mickey Tekippe for his work in annotating the core retrotransposon dataset. 
This work was supported by NIH grants GM61657 to DFV and GML8152 to JFA. 
158 
REFERENCES 
Abe, H., Ohbayashi, F., Sugasaki, T., Kanebara, M., Terada, T., Sbimada, T., Kawai, S., 
Mita, K., Kanamori, Y., Yamamoto, M. T., and Osbiki, T. (2001). Two novel Pao-like 
retrotransposons (Kamikaze and Yamato) from the silkworm species Bombyx mori 
and B. mandarina: common structural features of Pao-like elements. Mo/ Genef 
Genomics 265: 375-385. 
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local 
alignment search tool. 7 Mo/ Bio/ 215: 403-410. 
Atwood, A., Lin, J. H., and Levin, H. L. (1996). The retrotransposon Tfl assembles virus-like 
particles that contain excess Gag relative to integrase because of a regulated 
degradation process. Mb/ Ce// Bio/16: 338-346. 
Ayer, D. and Yarus, M. (1986). The context effect does not require a fourth base pair. Science 
231: 393-395. 
Beier, H., and Grimm, M. (2001). Misreading of termination codons in eukaryotes by natural 
nonsense suppressor tRNAs. Mwc/eic Acidj 29: 4767-4782. 
Belcourt, M. F., and Farabaugh, P. J. (1990). Ribosomal frameshifting in the yeast 
retrotransposon Ty: tRNAs induce slippage on a 7 nucleotide minimal site. Ce/i 62: 
339-352. 
Bertrand, C., Prere, M. F., Gesteland, R. F., Atkins, J. F., and Fayet, O. (2002). Influence of 
the stacking potential of the base 3' of tandem shift codons on -1 ribosomal 
frameshifting used for gene expression. Jf/VA 8: 16-28. 
Brierley, C., and Flavell, A. J. (1990). The retrotransposon copia controls the relative levels 
of its gene products post-transcriptionally by differential expression from its two 
major mRNAs. Wwc/eic Aci(k Bgf 18: 2947-2951. 
Brierley, I., Jenner, A. J., and Inglis, S. C. (1992). Mutational analysis of the "slippery-
sequence" component of a coronavirus ribosomal frameshifting signal. 7 Mo/ Bio/ 
227:463-479. 
Dinman, J. D., Icho, T., and Wickner, R. B. (1991). A -1 ribosomal frameshift in a double-
stranded RNA virus of yeast forms a gag-pol fusion protein, froc AW Acad Sci (/SA 
88: 174-178. 
Farabaugh, P. J. (1995). Post-transcriptional regulation of transposition by Ty 
retrotransposons of Sacc/zaromycej cerevùïae. 7 Bio/ CAem 270: 10361-10364. 
159 
Farabaugh, P. J., Zhao, H., and Vimaladithan, A. (1993). A novel programmed frameshift 
expresses the fOZJ gene of retrotransposon Ty3 of yeast: frameshifting without 
tRNA slippage [published erratum appears in Cell 1993 Nov 19;75(4):826]. CW/ 74: 
93-103. 
Fourcade-Peronnet, F., dAuriol, L., Becker, J., Galibert, F., and Best-Belpomme, M. (1988). 
FYimaiy structure and functional organization of DrojopAz&z 1731 retrotransposon. 
Acidj Bgf 16: 6113-6125. 
Ganko, E.W., Fileman, K.T., and McDonald, J.F. (2001). Evolutionary history of Cer 
elements and their impact on the C. gfega/w genome. Gg/zome 11: 2066-2074. 
Gramstat, A., Prufer, D., and Rohde, W. (1994). The nucleic acid-binding zinc Anger protein 
of potato virus M is translated by internal initiation as well as by ribosomal 
frameshifting involving a shifty stop codon and a novel mechanism of P-site slippage. 
Mwckzc Acidj /fer 22: 3911-3917. 
Haoudi, A., Rachidi, M., Kim, M. H., Champion, S., Best-Belpomme, M., and Maisonhaute, 
C. (1997). Developmental expression analysis of the 1731 retrotransposon reveals an 
enhancement of Gag-Pol frameshifting in males of Drosophila melanogaster. 
196: 83-93. 
Harrell, L., Melcher, U., and Atkins, J. F. (2002). Predominance of six different 
hexanucleotide recoding signals 3' of read-through stop codons. Mwckic Acwk 30: 
2011-2017. 
Herr, A. J., Gesteland, R. F., and Atkins, J. F. (2000). One protein from two open reading 
frames: mechanism of a 50 nt translational bypass. EMBO 719: 2671-2680. 
Higgins, D. G., and Sharp, P. M. (1988). CLUSTAL: a package for performing multiple 
sequence alignment on a microcomputer. Gene 73: 237-244. 
Horsfield, J. A., Wilson, D. N., Mannering, S. A., Adamski, F. M., and Tate, W. P. (1995). 
Prokaryotic ribosomes recode the HTV-1 gag-pol-1 frameshift sequence by an E/P site 
post-translocation simultaneous slippage mechanism. Nwcfezc Acidj 23: 1487-
1494. 
Irwin, P. A., and Voytas, D. F. (2001). Expression and processing of proteins encoded by the 
AzccAwoTMycgj retrotransposon Ty5. 7 Vzro/ 75: 1790-1797. 
Jacks, T., Power, M. D., Masiarz, F. R., Luciw, P. A., Barr, P. J., and Varmus, H. E. (1988). 
Characterization of ribosomal frameshifting in HTV-1 gag-pol expression. Mzfwre 
331: 280-283. 
160 
Karacostas, V., Wolffe, E.J., Nagashima, K., Gonda, M.A., and Moss, B. (1993). 
Overexpression of HTV-1 Gag-Pol polyprotein results in intracellular activation of 
HTV-1 protease and inhibition of assembly and budding of virus-like particles. 
WroZogy 193: 661-671. 
Kawakami, K., Pande, S., Faiola, B., Moore, D. P., Boeke, J. D., Farabaugh, P. J., Strathem, 
J. N., Nakamura, Y., and Garfinkel, D. J. (1993). A rare tRNA-Arg(CCU) that 
regulates Tyl element ribosomal frameshifting is essential for Tyl retrotransposition 
in SoccAwomyce^ cerevwioe. Genefic^ 135: 309-320. 
Kim, J.M., Vanguri, S., Boeke, J.D., Gabriel, A., and Voytas, D.F. (1998). Transposable 
elements and genome organization: A comprehensive survey of retrotransposons 
revealed by the complete AzccAaromycej cerevmoe genome sequence. Genome Bej 
8: 464-478. 
Larsen, B., Gesteland, R. F., and Atkins, J. F. (1997). Structural probing and mutagenic 
analysis of the stem-loop required for Escherichia coli dnaX ribosomal frameshifting: 
programmed efficiency of 50%. /Mbf BW 271: 47-60. 
Laten, H. M., and Morris, R. O. (1993). SIRE-1, a long interspersed repetitive DNA element 
from soybean with weak sequence similarity to retrotransposons: initial 
characterization and partial sequence. Gene 134: 153-159. 
Levin, H. L., Weaver, D. C., and Boeke, J. D. (1993). Novel gene expression mechanism in a 
fission yeast retroelement: Tfl proteins are derived from a single primary translation 
product. EMBO 712: 4885-4895. 
Li, G., and Rice, C.M. (1993). The signal for translational readthrough of a UGA codon in 
Sindbis virus RNA involves a single cytosine residue immediately downstream of the 
termination codon. 7. V;roZ 67: 5062-5067. 
Matsufuji, S., Matsufuji, T., Miyazaki, Y., Murakami, Y., Atkins, J.F., Gesteland, R.F., and 
Hayashi, S. (1995). Autoregulatory frameshifting in decoding mammalian orinthine 
decarboxylase antizyme. Ce/Z 80: 51-60. 
Ohtsubo, H., Kumekawa, N., and Ohtsubo, E. (1999). RIRE2, a novel gypsy-type 
retrotransposon from rice. Genej Gerzef Syjf 74: 83-91. 
Pande, S., Vimaladithan, A., Zhao, H., and Farabaugh, P. J. (1995). Pulling the ribosome out 
of frame by +1 at a programmed frameshift site by cognate binding of aminoacyl-
tRNA. MoZ CeZZ BZoZ15: 298-304. 
Park, J. and Morrow, C D. (1991). Overexpression of the Gag-Pol precursor from human 
immunodeficiency virus type 1 proviral genomes results in efficient processing in the 
absence of virion production. 7. ViroZ 65: 5111-5117. 
161 
Peterson-Burch, B. D., and Voytas, D. F. (2002). Genes of the f^ewdoviridae (Tyl/copio 
Retrotransposons). Mb/ BioZ EvoZ 19: 1832-1845. 
Philipson, L., Andersson, P., Olshevsky, U., Weinberg, R., Baltimore, D., and Gesteland, R. 
(1978). Translation of MuLV and MSV RNAs in nuclease-treated reticulocyte 
extracts: enhancement of the gag-pol polypeptide with yeast suppressor tRNA. CeZZ 
13: 189-199. 
Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for 
reconstructing phylogenetic trees. MoZ BioZ EvoZ 4: 406-425. 
SanMiguel, P., Tikhonov, A., Jin, Y. K., Motchoulskaia, N., Zakharov, D., Melake-Berhan, 
A., Springer, P. S., Edwards, K. J., Lee, M., Avramova, Z, and Bennetzen, J. L. 
(1996). Nested retrotransposons in the intergenic regions of the maize genome [see 
comments]. Science 274: 765-768. 
Shehu-Xhilaga, M., Crowe, S. M., and Mak, J. (2001). Maintenance of the Gag/Gag-Pol ratio 
is important for human immunodeficiency virus type 1 RNA dimerization and viral 
infectivity. 7 ViroZ 75: 1834-1841. 
Telenti, A., Martinez, R., Munoz, M., Bleiber, G., Greub, G., Sanglard, D., and Peters, S. 
(2002). Analysis of natural variants of the human immunodeficiency virus type 1 gag-
poZ frameshift stem loop structure. 7 ViroZ. 76: 7868-7873. 
ten Dam, E. B., Pleij, C. W., and Bosch, L. (1990). RNA pseudoknots: translational 
frameshifting and readthrough on viral RNAs. Firwj Genea 4: 121-136. 
Walter, A. E., Turner, D. H., Kim, J., Lyttle, M. H., Muller, P., Mathews, D. H., and Zuker, 
M. (1994). Coaxial stacking of helixes enhances binding of oligoribonucleotides and 
improves predictions of RNA folding, froc MzfZ AcwZ Sci [/SA 91: 9218-9222. 
Weiss, R. B., Dunn, D. M., Shuh, M., Atkins, J. F., and Gesteland, R. F. (1989). E. coli 
ribosomes re-phase on retroviral frameshift signals at rates ranging from 2 to 50 
percent. Mew BioZ 1: 159-169. 
Weiss, R. B., Huang, W. M., and Dunn, D. M. (1990). A nascent peptide is required for 
ribosomal bypass of the coding gap in bacteriophage T4 gene 60. CeZZ 62: 117-126. 
Wills, N. M., Gesteland, R. F., and Atkins, J. F. (1991). Evidence that a downstream 
pseudoknot is required for translational read-through of the Moloney murine leukemia 
virus gag stop codon. froc MzfZAc<%ZSci [/SA 88: 6991-6995. 
162 
Wood, V., Gwilliam, R., Rajandream, M.A., Lyne, M., Lyne, R., Stewart, A., Sgouros, J., 
Peat, N., Hayles, J., Baker, S., et al. (2002). The genome seuqence of 
ScAzzojoccAaromycgf A^afwrg 415: 871-880. 
Yoshinaka, Y., Katoh, I., Copeland, T. D., and Oroszlan, S. (1985). Murine leukemia virus 
protease is encoded by the gag-pol gene and is synthesized through suppression of an 
amber termination codon. free AW/ Acad Scz [/ S A 82: 1618-1622. 
163 
ACKNOWLEDGEMENTS 
I am grateful to Dan Voytas for his never-ending guidance and friendship throughout 
my time as his graduate student. Many members of the Voytas lab have influenced me and 
made my time as a graduate student rewarding and fun, especially Xiang Gao and Yi Hou. I 
am indebted to Xiang for her bioinfbrmatics collaborations and for the many good 
discussions about science, and to Yi Hou for her fun and steadfast attitude dedicated to 
making the plant system work. I would also like to thank the rest of the Voytas lab members 
for their comments and suggestions throughout my years here and for making life in the 
Voytas lab an extremely enjoyable time. These people include, but are not limited to, 
Junbiao Dai, Troy Brady, Clarice Schmidt, Weiwu Xie, Peter Fuerst, Tom Vigdal, Brooke 
Peterson-Burch, David Wright, Phil Irwin and Jeff Townsend. I have also had the pleasure of 
working with the hard-working undergraduate students: Sarah Tucker, Kent Doolittle and 
Robert Dick. Finally, I would like to acknowledge all of the people in Ames, Iowa who have 
helped me to get through graduate school leaving me with fond memories of my life here, 
especially Elizabeth Pettit, Patricia Lonosky, Tracie Heidt, Myron Peto and Ed Wilhelm. 
